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The effect of energy resolution on the extraction of information content
from gamma-ray spectra

Karl E. Nelson”, Thomas B. Gosnell, David A. Knapp
Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

Abstract

Rapid unambiguous identification of illicit radioactive materials is a matter of
international concern that has yet to be fully attained. This is particularly true for shielded
fissile materials in the presence of background radiation and routinely encountered
benign radionuclides. We present a systematic treatment of the effect of detector
resolution on the identification of nuclides in simple and complex shielded y-ray spectra.
Case studies of some problematic spectra with 1000 counts suggest that, at moderate
count rates, near unambiguous identification of potential fissile sources requires a
detector with an energy resolution of at least 1-2% at 662 keV. While somewhat limited
in scope, the study establishes a quantitative basis for the comparative evaluation of
detectors of comparable efficiency.

Keywords: Gamma-ray spectrometry, Radionuclide identification, Nuclear security

1. Introduction

Detecting fissile materials with a low probability of error is a challenging task for first
responders, airport security personnel, and U.S. port and border inspectors. International
concern over the transport of such materials has resulted in the development and use of a
variety of y-ray detectors to scan for and identify radioactive sources in many types of
containers.

Fissile material detection is hampered by a wide variety of benign radioactive materials
that are routinely present in a broad range of shielding conditions. Rapid characterization
of these sources as benign, with a low probability of error, is required in order to
minimize their effect on normal activities, in particular, the flow of commerce.

While there has been some analysis of performance of various gamma-ray detector
systems [1, 2], the general problem of accurate nuclide identification measurements in the
presence of unknown and variable shielding has not been systematically addressed. The
importance of good energy resolution for high-quality spectral measurements has been
recognized for decades. Experience has shown that when detectors of different
resolutions are appropriately sized to an inspection venue, accuracy of nuclide
identification is more dependent on differences in energy resolution than on differences
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in detection efficiency. In this paper we quantify this qualitative observation. We
eliminated all effects of variable detector size and efficiency and focused only on the
effects of energy resolution on source identification.

We performed computer simulations of spectra from shielded sources for detectors with
energy resolutions in the range 0.25%—-8% FWHM at 662 keV. The spectra were chosen
to represent radionuclides most commonly found in worldwide commerce as well as a
few fissionable materials. We chose the methodology of Principal Component Analysis
(PCA) [3, 4] as an unbiased means of assessing the information content of these spectra
in a global sense. While this approach does not focus solely on the information normally
extracted by detailed analysis with common spectral analysis tools, it does provide a near
quantitative measure of all available information as a function of energy resolution for
fixed statistical quality as well as a quantitative measure of the effects of counting
statistics on the information that can be extracted from a spectrum.

We first present a brief discussion of PCA methodology. This is followed by an
assessment of PCA methodology as a quantitative measure of the information content of
y-ray spectra and then by its application to extract information from shielded spectra in
the absence and presence of statistical noise. Finally, a few case studies of sources that
have proven to be problematic are presented to assess the effect of resolution on the
accuracy of fissile source identification.

2. PCA as a metric for information content

The most prominent features of y-ray spectra normally considered are full-energy peaks,
escape peaks, and Compton edges. In the case of shielded spectra, these features can be
diminished in intensity or obscured and modified by the energy-dependent attenuation of
an absorber. Information content can be expressed as the total number of independent
spectral shapes that can be represented by the response of a detector. The information
content cannot exceed the total number of spectral channels used to store a spectrum.

A high-resolution detector requires many spectral channels, while a lower resolution
detector requires fewer spectral channels. However, this simple view of information
content does not account for correlations between the channels. To gain this underlying
information content, we must apply statistical analysis.

For statistical analysis, we treat the spectral data as feature vectors. Each vector
represents a particular source and shielding configuration measured by a detector with a
particular energy resolution. We construct a representation of the universe of possible
spectral shapes by sampling models of different sources and shielding configurations.
Details of the methodology of selection of this sampling are covered in later sections.
Using the library of potential spectral shapes, we compute a correlation matrix from the
feature vectors. The coefficients of this matrix represent how much each feature varies
with a corresponding change in another. For example, increasing the intensity of a photo-
peak increases the intensity of the corresponding Compton edge as well. The correlation
matrix captures these relationships. Correlated channels represent a reduction of total
possible information content, as common information is not useful for distinguishing
individuals in the set. The more independent dimensions there are in the underlying
correlation matrix, the greater the information content.
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PCA is a convenient means to estimate this information content for both varying
resolution and varying statistical quality of a spectrum. Applying PCA to a correlation
matrix produces a linear transformation (a rotation) of a data set into a basis set of
eigenvectors. The number of eigenvectors, or principal components, is the same as the
dimensionality of the data before the transformation. The corresponding eigenvalues
represent the variance in that rotated dimension. As the information to distinguish
between one spectral shape and another is based on the spectral differences, the variance
represents information content in that dimension. A few eigenvectors, containing the
most variance, can account for the vast bulk of the total variance. By ordering the
eigenvalues by decreasing magnitude, the minimum number of eigenvectors required to
represent a specified fraction of the total variance is then a direct measure of the
information content of the spectral set.

In this study, we are interested in assessing the general effect of resolution on the
information contained in a broad range of spectral distributions. Our results do not pertain
to any specific y-ray spectrum taken under a specific set of experimental conditions or
under any specific spectral analysis technique or algorithm. Rather, they represent a
global measure of the effect of detector resolution on the spectra from a large set of
radioactive sources under a well-defined set of conditions.

All of our computed spectra were simulated with a fixed system gain in a fixed number of
channels, M. An M x N matrix x of N spectra is constructed where the matrix elements
are the counts or intensity in the M channels of the spectra. If x;i is the number of counts
in the jth channel of the ith spectrum, the vector of the channel means i for the entire set
is given by

- 18
Hi= _z Xii (1)
N =
and the vector of the variance &7 of the set about the channel means is given by
~ 2 1 N ~ 2 2
o) J':g+ﬁ;(xji_zuj) (2)

Because y-ray sources cannot produce any signal above the highest gamma energy
detected, they can have many zero-valued channels. These higher-energy channels can
cause numerical instability in the PCA decomposition. To correct for this effect, we add a
minuscule but sufficient constant (s =10"") to each channel variance to stabilize the
computation.

The M x M correlation matrix is then given by

_iZN:(in _I&i)(Aij _,[lj) 3)

i
N = 0,0

The PCA decomposition proceeds by use of a singular value decomposition (SVD)
algorithm to obtain the eigenvectors and eigenvalues.

We computed the number of principal components to explain a given fraction of the
variance in the information content. For our analysis we wish to extract the maximum
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number of components possible while avoiding numerical difficulties. We chose to limit
the maximum percent of variance extracted to 99.9% as our fundamental basis of
comparison. For illustrative purposes, we computed the variance fraction at both 99% and
99.99%. MATLAB [5] was used for all numerical calculations.

3. Simulation of gamma-ray spectra

We synthesized y-ray spectra with a recent version of the Gamma Detector Response and
Analysis Software (GADRAS) suite using its one-dimensional radiation transport
capability [6, 7] and its detector response function model [8]. This model uses semi-
empirical parameterizations that can closely reproduce the response functions of a wide
range of detector types and configurations.

To eliminate all effects of variable detector size and efficiency, we first chose the full-
spectrum response characteristics of a generic (HPGe) detector with 140% relative
efficiency [9] at 1332 keV. We then broadened it numerically by adjusting only the
GADRAS resolution parameter to obtain responses at lower energy resolutions. Response
functions for resolutions of 0.25%, 0.5%, 1%, 2%, 4%, and 8% at 661.6 keV were then
modeled. The resolution was taken as proportional to E¥ and the noise from the detector
electronics was neglected. We simulated all of the spectra in 3000 channels at a fixed
system gain of 1.0 keV per channel. We generated spectra for individual radionuclides or
complex sources, both unshielded and shielded, using the evaluated photon energies and
intensities and shielding approximations given in the code. The photon data are generally
consistent with standard Evaluated Nuclear Structure Data File (ENSDF) evaluations,
with the deletion of some of the very weak transitions.

Examples of a series of spectra representing a **?Ir source shielded by increasing
thicknesses of iron and lead in the range from 0 to 150 g/cm? obtained with the
procedures outlined above are shown in Figure 1.

192 Shield =26 1921 Shield z=82

AD=0

10°

Counts
Counts
=
)

! ! ! ! ! ! ! . . . . . . . )
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Energy (keV) Energy (keV)

Fig. 1. Simulated spectra for **Ir showing changes in spectral shape for iron and lead shielding with
areal densities ranging from 0-150 g/cm?. Count rate is relative as time and distance can be scaled.
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4. Test of the quantitative nature of the PCA approach

In order to establish the ability of the PCA procedure to provide a quantitative measure of
the information content as a function of resolution alone, we created a series of detector
response functions for mono-energetic gamma rays equally spaced in 0.5 keV intervals
over the energy range 20 keV to 3 MeV for each of the resolutions given above. The
intensity in each channel of the simulated spectra was taken as exact with no statistical
uncertainty. The entire set of ~ 6000 spectra for each resolution was then subjected to
PCA analysis and the number of eigenvectors required to represent 99%, 99.9% and
99.99% of the total variance was estimated.

If each channel were statistically independent, the number of components necessary to
represent the spectrum to 99.9% of the total variance would be 99.9% of the total
channels. For a finite resolution detector, this total information content is reduced based
on the correlation between neighboring channels. For this oversampled set of ideal
spectra, our metric should estimate the maximum possible information content that can
be represented for a given energy resolution irrespective of what energy lines that nature
actually produces.

The results from the present calculations are shown as dots in Figure 2. The lines in the
graph are the “least squares” fit of the data to a function of the form

(1)="+a, @

where n(f) is the minimum number of eigenvectors required to represent the fraction f of
the total variance, and r is the resolution. We estimated the parameters a; and a, from the
fits when the resolutions 0.25% and 8% were excluded because of “end effects.” Apart
from the extremes in the resolutions, the fits demonstrate the expected inverse variation
of the included variance with resolution. As the fraction of variance included approaches
unity, the number of eigenvectors required asymptotically approaches the total number of
channels in the spectrum. The constants a, found from the fits are approximately 20, the
number of channels at low energy for which no peaks were generated and which, in this
ideal case, should not contribute to the total variance.
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Fig. 2. Number of principal components, n(f), required to explain the specified fraction of the
variance in the modeled spectra with evenly spaced gamma energies and in the absence of any noise.
The values shown for 0.25% resolution are lower limits.

Not counting electronic noise, 319 (~ 0.89%) of the approximately 18,000 simulated full-
energy peaks have full widths at tenth maximum (FWTM) smaller than the channel width
of 1 keV. They are almost all found in the spectra with resolutions of 0.25% and 0.5%. In
addition, the complete widths of ~196 (~ 0.55%) of the highest-energy peaks are
partially cut off at the 3000-keV spectrum limit. The majority of these are found in
spectra with resolutions > 2.0%. Because of both factors, spectral distributions near the
extremes of some spectra will not follow the same regular patterns expected at
intermediate resolutions.

Within these limitations, the simulations demonstrate that the PCA approach provides a
well-behaved and near quantitative measure of the information content in a spectrum.
The simulations suggest that increasing detector resolution by a factor of 2 roughly
doubles the information content of an ideal spectrum. The relation between resolution
and increasingly realistic y-ray spectra is addressed in the following sections.

5. Determination of the maximum possible information content of radionuclide
spectra

In order to approach a realistic measure of the effect of detector resolution on the
information content of y-ray spectra, we have chosen a set of radioactive sources that
represent radionuclides typically found in worldwide commerce as well as a few
fissionable materials (Table 1). The half-lives of these are mostly greater than 10 days,
but a few, such as **Mo and **™Tc, were included because of their heavy use in medical
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imaging. Specific radionuclide mixtures of special interest, such as plutonium and highly
enriched uranium (HEU), were also included.

Table 1. Radioactive sources included in the resolution study of noise-free radionuclide spectra. In
the upper left-hand corner, RG stands for reactor grade, WG stands for weapons grade [8], and
HEU stands for highly enriched uranium.

PU, RG 58C0 Qle 111|n 134CS 156Eu 190|r 232-|—h 240PU
PU, WG 59Fe 92Nb 113Sn 136CS 160-|-b 192". 232U 241Am
HEU 60C0 95Nb 114m|n 137CS 166m Ho 194m|r 233U 241Pu
7Be 652n 952r 123| 139Ce 175Hf 201-|-| 234-|-h 242PU
18F 67Ga 99M0 123m-|—e 14OBa 176Lu 202-|—| 234U 243Am
22Na 6SGe 99Rh 124sb 141Ce 177Lu 203Hg 235U 244Cm
22NaF 7SSe 99-|—C 1258b 144Ce 177m Lu 204-|—| 236Np 249Cf
40K 85Kr 99m-|-c 1268b 147Nd 182-|-a 207Bi 236Pu 252Cf
46SC 858r 103Pd 127Xe 152Eu 188Pt 21OP0 236U

51Cr 86Rb 103Ru 131| 153Gd 190". 226Ra 237Np

54Mn 88Y 106Ru 131m)(e 153Sm 192|r 227AC 238Pu

56C0 898r 109cd 133Ba 154Eu 194m|r 228-|-h 238U

57C0 QOSr 110mp\g 133Xe 155Eu 188Pt 231Pa 239Pu

Essentially all of the nuclides and sources in Table 1 are normally transported within a
shielded container. In order to simulate the range of shielding effects expected, we chose
the elements Li (Z = 3), Fe (Z = 26) and Pb (Z = 82) to represent low-, medium- and
high-Z shields, respectively. Approximately uniform sampling of the changes in spectral
distributions resulting from energy-dependent attenuation and scattering was achieved by
choosing thicknesses such that the y? difference between successive spectra was equal to
one standard deviation for a spectrum containing 10* counts at a detector resolution of
1%. The number of thicknesses required varied with the complexity and maximum
photon energy of the source. The synthesized spectra were convolved with detector
response functions in the same manner as described above.

The covariance matrix produced using the method of constant y* differences was largely
invariance to selection of the xz. We build library representations with as many as 24
thousand templates and as few as six thousand. The resulting information content when
evaluated in terms of the 99.9% threshold was the same. We have interpreted this
invariant as indicating that we have properly covered the information space, and thus the
population contained more information than could be represented in any energy
resolution. The number of representatives of an individual nuclide was given by the
range of spectral shapes. Tests found that moderately increasing (x2) or decreasing (x0.5)
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the number of spectra for an individual nuclide did not affect the information content
results. Adding or removing nuclides would have a larger effect on information content.

5.1 Shielded and noiseless spectra

We then examined a global means of assessing the maximum information content that
can be extracted from common spectra under a wide range of shielding conditions. All of
the spectra discussed above for a fixed resolution were considered to be exact and, in the
absence of statistical noise and background radiation, were subjected to PCA analysis as
single data sets at each resolution studied. The minimum number of eigenfunctions
required to represent the majority of the variance in the spectra are as shown in Figure 3
along with those from Figure 2 for reference.

@
r&) 5000 ~ ~
3 —a— 00 % var
@
> + 999 % var
=2
@ - 99,99 % var
=
-S 1000
@ Specira evenly spaced in energy
o
=
3
= . p
8’ * o -
4 .
@ ? -
c -
L ]
g 100 - W
o Number of nuclides in population
: iy
o L
U -
= Noise-free radionclide spectra
=
= 20 |
B 0.2 1 10

% Energy resolution

Fig. 3. Minimum number of principal components required to represent 99%, 99.9% and
99.99% of the variance of noise-free shielded spectra for the radionuclides in Table 1.

Compared to the near ideal case represented by the simulations considered in Figure 2,
the number of components required to extract the majority of the information content of
the shielded spectra, and hence the information content of these, is seen to be smaller by
factors of ~ 6-8 at the highest resolutions. This results primarily from the limited
information content of the unshielded spectra for which the typical spectrum contains
only ~2-4 strong y-rays. With perfect resolution, the number of principal components
required to account for the variance in a spectrum should roughly be proportional to the
number of prominent gamma rays emitted in the decay of a source. The number of such
gamma rays for the 109 sources in Table 1 is ~ 200-400 and this is on the order of the
minimum number of eigenfunctions needed to account for the variance at the highest
resolution considered. At the lowest resolution, the number of eigenvectors required is
~30-80, smaller by a factor of ~ 5 and clearly suggests that even under noiseless
conditions, the information content of relatively simple y-ray spectra is strongly
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compromised by loss in resolution. This arises not only from the effects produced by the
shielding, but also from the inability to distinguish the presence of closely spaced full-
energy peaks.

We also note that, for the worst resolution considered (8%), the number of eigenvectors
required to represent all of the information in the set of spectra is far less than the number
of nuclides used; this behavior means that for such detectors, some combinations of
nuclides are indistinguishable. The resolution is simply insufficient.

5.2 Shielded spectra with statistical noise

Estimates of the effect of statistical noise on the extraction of information from spectra
were obtained by assuming Poisson-distributed counts in each statistically independent
channel for all of the shielded spectra considered above. The noise only affects the
diagonal elements of the correlation matrix and was computed from the means of each of
the simulated spectra scaled by the total number of counts in a spectrum that varied in the
range 10°~10°. Given the large number of spectra studied, the statistical bias from the
Poisson statistics closely approximates a normal distribution. The contribution to the
diagonal elements is then the mean from all spectra scaled by the number of counts in
each.

With the addition of statistical noise, the number of eigenfunctions required to include a
fixed fraction of the total variance is no longer a direct measure of spectral information.
Ordered in terms of their magnitudes, the first few eigenvalues are expected to represent
almost solely the variance from the average spectral fluctuations in the absence of noise.
Succeeding eigenvalues can be expected to include an increasing contribution from
statistical fluctuations. When the variance from the real spectral fluctuations is almost
exhausted, the eigenvalues of additional components will approach a constant value that
represents variance from statistical fluctuations alone. As a result, the number of
eigenfunctions required just before the region of constant eigenvalues is reached can
approximate the spectral information content.

As an example, the eigenvalues for the ordered set of eigenfunctions obtained from the
PCA analysis on the data set for a resolution of 1% for total spectrum counts in the range
10°~10° are shown in Figure 4. The eigenvalue distributions initially demonstrate rough
exponential decreases followed by a decreasing slope to a region of approximately
constant values. With increasing statistical quality, the magnitude of the constant
eigenvalues decreases very roughly as the ratio of o/N where o is the standard deviation
of the number of counts, N, in a spectrum.
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Using the estimated number of eigenfunctions just before the region of constant
eigenvalues, the number of eigenfunctions required to extract the spectral information
content from the entire data set for all shielded sources of Table 1 is shown in Fig. 5 as a
function of detector resolution and statistical quality. For reference, the number of
eigenfunctions required to include 99.9% of the total variance for noiseless spectra
(Figure 3) is included in the figure.

Over the entire range in resolution, a change in the number of counts in the spectra by a
factor of 10° changes the information content by a factor of ~ 3-3.5 on average. Of
particular interest is the fact that for spectra with 10° total counts, the number of
components required to extract the information content is significantly larger than that for
the equivalent noiseless data set. This reflects the fact that the eigenvectors do not cleanly
separate the real spectral variance from the statistical noise. The analyses demonstrate the
limited benefits of improving detector resolution when treating spectra of low statistical
quality. For the present set of spectra, improving energy resolution from 8% to 1%
increases the extractable information content by a factor of ~ 3 but no significant increase
in extractable information is observed with continued resolution improvement for spectra
containing < 10° counts. Even with 10* total counts, the extracted information from a
detector resolution of 0.25% only increases by about 16% compared to that extracted
from a spectrum taken at a resolution of 1%.

In comparison with methods of spectral analysis that rely on full-energy peak analysis,
the results discussed above differ because the present approach is based on the
information content included in the continua of the spectra. This bias can underestimate
the ability of analysis procedures that search for individual pre-defined full-energy y-ray
peaks to extract useful information from spectra of low statistical quality with increasing
energy resolution.

The value of our global analysis is limited, as our measure of information content does
not illustrate the ability to distinguish between particular nuclides. It is possible that the
distinguishing features between a benign source and a fissile source may only be
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following section.
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Fig. 5. Information content of the same radionuclide spectra used to produce Fig. 3, but with Poisson
statistical noise added, for range of energy resolutions. The plotted points are the number of
principal components at the “knees” in the curves, as illustrated in Fig. 4, for detectors of varying
resolution. The “knee” values from Fig. 4 for 1% detectors are shown in the oval. The heavy black
line indicates the number of principal components required to explain 99.9% of the available
population variance in noise-free spectra (see Fig. 3).

6. The effect of energy resolution on the identification of problematic radionuclides

In order to estimate the effect of detector resolution on specific source identification, we
examined sources that have proven difficult for existing algorithms to properly classify
[10] using a Nal(TI) scintillator system. In particular we found that some benign sources
were often misclassified as fissile sources (false positives) and that some fissile sources
were often misclassified as benign sources (false negatives).

We parceled our collection of 103 sources into three schematic classes: fissile, benign,
and background. For the specific fissile materials used in our case study, we chose
weapons-grade Pu (WGPu) [11] and %"Np, a fissile nuclide of increasing international
concern [12, 13], from the fissile class. From the benign class, we chose ®’Ga, **1, ***Ba,
and *Ir. For background, we used the entire class: 2Th and “°Ra and their daughters
and “°K. We then calculated the probability of misclassification of a spectrum by a
regression-based identification algorithm as defined in the Appendix.

A straightforward application of the data sets to produce the principal components used
for the analyses described in the previous sections is not appropriate to the case studies
because, in calculating the variances about the mean value, the entire data set of all
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nuclides in Table 1 was used. Any individual y-ray spectrum will have its own unique
mean. It is this mean for each of the nuclides examined that must be explicitly
considered. To resolve this situation without having to perform a completely new set of
spectrum simulations, the magnitude of the mean for the initial data set was artificially
reduced to 1% of its original value. The PCA procedure was then applied and only the
eigenfunctions that contained the principal portion of the variance (99.9% of the total) for
each nuclide were retained. This limited set was shown to reproduce the spectral
distributions of the original nuclides with negligible error when measured in terms of the
¥ statistic for 10,000 count spectra and did not appreciably change the results of any of
the previous analyses. This procedure was used to generate approximate spectra for each
of the sources considered and for the entire set of shielding conditions discussed in

Sec. 5.

We selected a sample (without noise) from either the fissile or benign classes and then
solved by brute-force multiple linear regression to find the best possible linear
combination of all the spectra in the fissile and benign classes with the addition of
background subject to positive constraints. That is, for a specific sample, we would
produce the best linear combination of background alone, background plus sample, and
background plus benign spectra.

A non-negative least squares procedure, based on the complementary block pivot
algorithm [14], used for this purpose considerably reduced the number of conditionally
acceptable combinations. The choice of a non-negative algorithm is required to maintain
the physical requirement that spectra can only be described by the sum of different source
combinations and not their differences. A linear combination of templates can be
compactly represented as a linear combination of the magnitudes of the principal
components for those spectra; thus, the fit can be performed in lower-dimensional
principal-component space rather than as a fit to the spectra themselves.

We then assumed a desired signal level of 1000 total counts from the source from which
we can estimate the expected noise. Samples which are well represented (in terms of 4?

for the desired noise level for the best possible resolution) by the background set alone
are rejected as they do not have distinguishing information from which we could assess
the value of energy resolution.

For each source-plus-background spectrum, it was verified that the best fit for the correct
source choice was significantly better statistically than the best fit to background only.
The covariance matrix was then used to estimate a multivariate Gaussian uncertainty and
then to estimate the probability of misidentification of the source actually in the
spectrum.

We then estimated the rate of misclassification by computing the variance of the sample
assuming Gaussian statistics, as the integral of a Gaussian distribution assuming that the
decision is between the best representative sample in the fissile and benign sets. We
deemed this estimate as the ambiguity. An ambiguity of 0.50 would mean that calling the
sample the wrong class is a coin toss. An ambiguity of 0.0001 would indicate that an
error is estimated to occur only once in 10,000 times. We have summarized this in the
appendix.
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The probability for misidentification of a source is shown in Figure 6 as a function of the
assumed detector resolution for its selected conditions of shielding. The choice of
shielding materials and thicknesses was made to roughly represent the type of shielding
that might be expected in normal shipments found in commerce.

The y-ray spectra from decay of **Ir and from decay of weapons-grade plutonium both
have their principal intensities located below ~ 600 keV. When subject to significant
attenuation from shielding, they are strongly modified from their unshielded spectral
distributions. The distributions shown in the figure indicate that the probabilities for
misidentification of these sources in the presence of background are quite small for
resolutions better than ~ 2%. **'I, whose spectrum is dominated by a single transition at
364 keV, is identified correctly so long as the resolution is better than ~ 4%. So is that for
%7Ga, whose main intensity is concentrated in the same energy region. On the other hand,
23"Nip, whose spectrum contains a large number of relatively weak transitions in the
energy range 62—-280 keV, is subject to a relatively high misidentification in the presence
of shielding for detector resolutions worse than ~ 2%.
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Fig. 6. Misclassification probabilities for various scenarios and detector resolutions. The
descriptors for each graph are the radionuclide, the source strength or mass and, in
parentheses, the atomic number and areal density (g/cm?) of the shielding material. The values
in braces correspond to the effective Z and areal density (g/cm?) of the shielding material. All
scenarios assume a total of 1000 observed gamma rays in the detector.

For this set of tests and this set of radionuclides with the shielding chosen, the results
shown in Figure 6 suggest that so long as detector resolutions are better than ~ 1-2%, the
information content of spectra is sufficient to permit identification of sources with very
low rates of misidentification. However, the probability for misidentification increases
rapidly with worsening resolution

Our examples were done as a bounding analysis that only reveals the minimum required
resolution for the sources we selected. We expect that there will be other source
selections that are even more challenging. Real instrumental field spectra will also be
more challenging to correctly interpret owing to such factors as added spectral distortion
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from energy calibration imprecision, gain drifts, greater scattering complexity, and
changing background conditions.

7. Conclusion

To our knowledge, the effect of detector resolution on the information content of y-ray
spectra has never been explored in a systematic and quantitative manner. This is of
relatively little concern in scientific studies where the resolution of typical HPGe
detectors approximates or approaches that required for the majority of detailed spectral
studies. But the ability to properly identify sources in the contents of containers, under
the rather stringent time restrictions determined by potential emergencies or the need to
minimize interruption of the normal flow of commerce can be very sensitive to the
statistical quality of spectra and their energy resolution. The global studies reported here
have demonstrated that the methodology of PCA provides an essentially quantitative
means of assessing the information content that can extracted from y-ray spectra as a
function of these parameters as well as shielding. Because of the global approach taken,
the analyses do not provide detailed information on any single source spectrum and its
shielding and statistical quality. Nevertheless, the global approach strongly suggests that
detectors designed for nuclide identification under generic screening conditions should
have resolutions at 661.6 keV no worse than 1-2% to achieve low misidentification rates.

By its very nature, the PCA methodology is biased by features of a spectrum not always
considered in the analysis of spectra with field instruments. As such, it may tend to
somewhat overestimate the resolution required to achieve nuclide identification with very
small probability of misidentification but this is not expected to invalidate the general
conclusions drawn here. Because of the widely-varying nature of photon spectra from
different radionuclides and the varying effects from attenuation by shielding materials,
the sensitivity for misidentification of any particular source may differ considerably from
the schematic results we have obtained. Nevertheless, the methodology of PCA seems
robust for such detailed analysis and the effect of resolution on it.
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Appendix
In order to compute the ambiguity between assigning a sample to the class of benign,
background or fissile sources, we define matrices for the background library ( AB), the

fissile library (AT ), and the benign library ( Af). For each resolution we compute a matrix

containing the subset of eigenvectors (Y ! ) that represent 99.9% of the total variance.
We use these components to compute for a test sample (Y) the best representative
sample in each set (B, T+B, T+B). After processing we are left with the best

representative spectral shape in each of the potential classes (YB oYy ).
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UY =UAXg | X5 20 =Y, = AX,
UY:U(ATXT+ABXBT)|XT’XBTZO:Y:':ATXT-’_ABXBT (A1)
UY =U (A% + AgXar) | Xe, Xgr 202 Vo = Ao + AgXgr

[If Y was drawn from T then Y; will equal Y, etc.]

We then compute the variance matrix (X, ) of the sample assuming 1000 sample counts.

From this variance matrix, we can compute the variance of the decision metric (o*). For
the background set, we compute the distance metric (7*) from background set in the

space and reject the sample as being indistinguishable from background if this distance is
insufficient. None of the samples used in this study failed to meet this criterion.

~ ., ~
22 = =Y)TUTUZ,uT ) u(Y -Y,) (A2)
To get the decision variance, we compute the scalar uncertainty projected between the
best representative sample in the fissile and benign sets.
o?=(Y; =Y-)TUTUZ,UTU(Y; - Y;) (A3)

The decision rate error is then estimated as the integral of sample being misclassified. As
the sample under test was taken from one of the sets (benign or fissile), the error rate will
be the integral of the probability distribution in the other set, starting from the point
where the probability of assignment was equal.
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