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ABSTRACT

A procedure has been developed for analyzing and processing multi-channel airborne gamma-ray data. The technique uses
up to 256 channels of data from the entire survey data set to identify all statistically significant spectral shapes which are
then used to reconstruct new potassium, uranium and thorium windows. After this reconstruction, the new windows are
found to have significantly less noise than the original raw windows. Since the procedure makes use of all the counts in the
spectrum as well as the correlation between potassium, uranium and thorium, the reduction in statistical noise is found to
be significantly greater than for multi-channel spectral fitting. An analysis of both simulated and measured survey data has
shown that for uranium and thorium the reduction in statistical noise is equivalent to increasing the detector volume by a
factor typically between 3 and 4. Maps produced using these new windows were found to show significantly more geological
information than those produced by the standard 3 window method.

Compared to the multi-channel spectral fitting procedure, the technique has the advantage that following this pre-process-
ing procedure, the standard 3 window analysis can be carried out. An additional advantage over multi-spectral fitting is
that no model experiments are required to derive the potassium, uranium and thorium spectra at different heights. This
technique can be applied not only to airborne gamma-ray survey data but to any series of gamma-ray measurements.

INTRODUCTION

Measurements of the ground concentrations of potassium, uranium and
thorium by airborne gamma-ray spectrometry is a well-established
technique. In the early stages of the development of airborne gamma-ray
spectrometry, only 4 energy windows were recorded. These windows
were centered on the 40K gamma-ray peak at 1460 keV, the 1760 gamma-
ray peak from 214Bi in the uranium decay series and the 2615 peak from
208Tl in the thorium series. A fourth total count window covering a
broad energy band was used to monitor overall levels of radioactivity.

Since the early 1980s it has become common practice to record 256
channels of spectral data covering an energy range from 0 to 3000 keV.
However, little of this information has been utilized, the full spectrum
simply being used to monitor the spectral drift of the system and check
that the equipment is functioning correctly.

There has been much debate about the merits of using the 256-chan-
nel information to derive better estimates of the ground concentrations
of potassium, uranium and thorium. Grasty et al. (1985) and Minty
(1996) have shown that with a weighted least squares fitting procedure,
it is possible to reduce the errors in the uranium and thorium ground
concentrations by approximately 25% compared to those resulting from

the standard three window method. This corresponds to an effective
detector volume increase of 50%. Recently Minty (1996) has shown the
results of multi-channel processing on two large data sets in Australia.
His results demonstrate that there is some benefit in multi-channel pro-
cessing in terms of increasing the definition of radiation patterns on the
ground.

The main disadvantage in carrying out a spectral fitting procedure is
that potassium, uranium and thorium spectra must be determined
experimentally for each system and cover a range of flying heights. How-
ever, by using the procedure described in this paper, it is possible to
determine all statistically significant spectra for an entire gamma-ray
data set. With this knowledge, it is then possible to reconstruct new
potassium, uranium and thorium windows which have now incorpo-
rated information from all other parts of the spectrum. These new win-
dows are found to have significantly less noise than the original raw
windows. Compared to the spectral fitting procedure, this technique has
the additional advantage that following this pre-processing procedure,
the standard three-window analysis can be carried out.

In this paper we briefly describe the spectral component analysis
procedure and then show the results of our analysis of several gamma-
ray data sets. These are from 
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1. a survey flown in Nevada by Newmont Exploration; 

2. a series of flights over the Geological Survey of Canada calibration
range; 

3. a detailed airborne survey flown in Bulgaria; 

4. measurements from a carborne system; and

5. measurements from a portable gamma-ray spectrometer.

Finally, we discuss the benefits of this type of analysis through the
use of simulated data.

GAMMA-RAY SPECTRAL COMPONENT ANALYSIS

A series of n measured 256-channel spectra can be expressed as a linear
combination of m unknown spectral shapes together with their ampli-
tudes or concentrations. In matrix notation this can be written as

[1]

where X is an (n × 256) matrix of observations, C is an (n × m) orthonor-
mal matrix of concentrations, S is a (256 × m) orthonormal matrix of
spectral shapes, ∆ is an (n × 256) matrix of disturbances caused by the
stochastic nature of radiation detection and Γ is a diagonal matrix used
to normalize C and S.

For an airborne gamma-ray survey flown at the same survey altitude,
the measured spectra (after removal of the background) are composed
of linear combinations of just three spectra originating from potassium,
uranium and thorium. When the airborne survey is carried out at dif-
ferent survey altitudes there are changes in the gamma-ray spectral
shapes from all three radioactive elements. However, Dickson et al.
(1981) have shown that over the range of altitudes normally encoun-
tered in airborne gamma-ray surveying, the spectral shapes from each
of the three radioelement can be made up of linear combinations of just
two spectral shapes. Therefore, a total of six spectral shapes should be
sufficient to explain all real variations that occur in airborne gamma ray
spectra. The problem is to find the six spectral components as well as
their corresponding amplitudes or concentrations (matrix S and matrix
and C in equation 1).

A common way to determine the spectral components is the princi-
pal component (PC) technique which is described in many textbooks
such as Multivariate Analysis by Mardia et al. (1979). The PC technique
is a general linear transformation of all the variables to produce uncor-
related variables (in this case, uncorrelated spectral shapes) that explain
a decreasing amount of variance. For instance, the first PC is the single
spectral shape which explains most of the sample variance while the sec-
ond PC explains most of the sample variance not explained by the first
PC, etc.

The method has been applied to a variety of problems in the geolog-
ical sciences (Joreskog et el., 1976, and Davis (1973)) and has also been
described by Gower et al. (1984) for analyzing optical reflectance spec-
tra of sea water. Dickson (1980) and Dickson et al., (1981) have also
described a modified version of the PC technique to analyze gamma-ray
measurements on calibration pads and is similar to the method applied
in this paper.

However, there are problems in using the standard PC technique as
well as Dickson’s (1980) method to analyse gamma-ray spectra. The
main problem is that in a series of airborne gamma-ray measurements

there are real variations due to changes in ground concentration as well
as variations due to Poisson counting statistics. The standard PC tech-
nique does not distinguish between these two types of variations. The
problem is further complicated because the lower energy channels have
higher counts and therefore relatively lower statistical variations than
the higher energy channels. If this is not taken into consideration, the
spectral components may not reflect the real spectral shapes since they
will also depend on the varying Poisson noise acoss the spectrum. These
problems were solved by Hovgaard (1997) who developed a spectral
component analysis method for use in nuclear emergency situations
where the nuclide compositions were unknown.

One of the problems in utilizing these spectral components is that
they represent a mixture of gamma-ray fields. Hovgaard used linear
combinations of the spectral components to reconstruct spectra which
were more informative and represented spectra from man-made
sources of radiation such as cesium. The method described in this paper
is a modification of Hovgaard’s original method. In this paper, the spec-
tral components as well as their concentrations are derived in the same
way but are then used to reconstruct new spectra which have signifi-
cantly less statistical noise than the original observed spectra. New
potassium, uranium and thorium windows can then be determined
from the reconstructed spectra.

AIRBORNE DATA FROM NEVADA

Analysis of components

The gamma-ray spectral component analysis procedure was carried out
on an airborne data set from Nevada provided by Newmont Explora-
tion. The survey was flown at a nominal altitude of 120 m and a line
spacing of 400 m. using a detector volume of 16.8 l. The data set was
originally selected to test procedures for removing the extreme radon
variations that occurred during the course of the survey (Grasty and
Hovgaard, 1996).

Figures 1a to 1h show the first eight spectral components. These
spectral components are a mixture of spectra originating from potas-
sium uranium and thorium which we have attempted to interpret. For
this particular survey, the origin of some spectral components are rela-
tively easy to identify, being due to the large radon variations within the
data set. In these figures the spectra have been scaled and the magnitude
of their vertical axes do not reflect the importance of the individual com-
ponents.

Figure 1a shows the first spectral component with the major gamma-
ray peaks being identified and is typical of any airborne spectrum. This
particular component accounts for most of the signal and is the average
spectrum. Figure 1b is the second spectral component and is the spec-
tral shape which accounts for most of the signal after removal of the first
component. In this spectrum, the main gamma-ray peaks from 40K at
1460 keV and 208Tl from the thorium series are also readily identified
together with strong negative peaks from the uranium series. This spec-
trum can be interpreted to be the result of the large radon variations
which occur in this data set. By combining this component with the
average spectrum (the first component) it is possible to create spectra
with varying proportions of radon.

The third component (Figure 1c) shows a negative thorium peak at
2615 keV and a positive 40K peak. By combing this spectral component
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Figure 1: The first eight spectral components from the Nevada survey.
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with the first and second components it is possible to create spectra with
different proportions of potassium, uranium and thorium.

An airborne uranium spectrum originates from radon decay prod-
ucts in the air as well as from uranium decay products in the ground. The
two spectra from these sources of radioactivity have different shapes due
to the differences in the paths that the gamma-rays travel to reach the
detector. The fourth component (Figure 1d) can be interpreted to be the
result of these differences. It shows gamma-ray peaks principally from
the uranium series and has similar features to the second component
(Figure 1b). By combining the second and fourth components in differ-
ent proportions, it is possible to create spectra with varying proportions
of radon. It is interesting to note that the second and fourth component
spectra are similar to the secondary uranium spectrum component cal-
culated by Dickson et al. (1981) from attenuation measurements on cal-
ibration pads.

The fifth spectral component (Figure 1e) is due to the spectral drift
of the spectrometer and can be recognized through the asymmetry
around all the major peaks in the average spectrum (Figure 1a). Since
this spectral component is negative on the high energy side of the potas-
sium peak, adding this spectrum to the average spectrum will cause the
potassium peak to move to a lower channel. Similarly, subtracting this
component from the average spectrum will move the potassium peak to
a higher channel. The magnitude of the energy shift will depend on the
proportions of the components that are combined.

Only a few features can be seen in the sixth spectral component (Fig-
ure 1f). Most of this spectrum is simply due to noise which can be iden-
tified by the high frequency components. Spectral components six,
seven (Figure 1g) and eight (Figure 1h) show the boundary between the
signal components and the noise components due to Poisson counting
statistics. Depending on how many channels are used in the analysis,
about 240 additional components are calculated. These remaining spec-
tral components show no significant features and are interpreted as
being due to noise.

Map production and analysis

The spectral component analysis gives the spectral components as
well as the amplitude of the components at each individual measure-
ment point. This amplitude is the amount of each component that is
present in the measured spectrum. In airborne data where there are only
natural radioactive elements, we have found that eight spectral compo-
nents are sufficient to explain the real spectral shapes present in the data.
From the amplitudes and first eight spectral components, it is then pos-
sible to reconstruct the measured spectra at each measurement point. In
reconstructing the spectrum in this manner the noise components have
largely been removed and the reconstructed spectrum is much less
noisy. This is illustrated in Figures 2a and 2b which show two measured
and reconstructed airborne spectra from the first eight spectral compo-
nents of the Nevada data set. The potassium, uranium and thorium win-
dows can then be recalculated from the reconstructed spectrum. The
standard processing can then be carried out to produce maps of the con-
centration of potassium, uranium and thorium as recommended by the
International Atomic Energy Agency (1991).

Figures 3a and 3b show maps of the original thorium window and
the reconstructed thorium window using the first eight spectral compo-
nents. Both maps were produced using the same gridding procedure
with no corrections applied for background or altitude changes. In

producing the maps, a certain amount of smoothing of the data is
required to interpolate the data to a regular grid. This smoothing was
minimized by using the smallest possible search area so that the benefits
of the processing method would best be demonstrated.

The reconstructed thorium window map shows a reduced amount of
speckle compared to the raw window map. This demonstrates that the
new processing method has reduced the noise in the original data. Subtle
features show more clearly on the processed thorium map. For instance,
the semi-circular feature in the upper centre of the processed thorium
map cannot be identified in the raw thorium map. The contours
between different colour levels are also much smoother in the processed
map. It is also easier to recognize differences between adjacent flight
lines caused by altitude variations. 
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Figure 2a: A raw and processed airborne spectrum showing the low
energy channels.
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Figure 2b: A raw and processed airborne spectrum showing the high
energy channels.
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Figure 3b: A reconstructed thorium window map from the Nevada sFigure 3a: A raw thorium window map from the Nevada survey.
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Table 1: A comparison of the background corrected and 
stripped potassium window counts before and after window 
reconstruction.

Survey 
altitude (m)

Reconstructed
 counts

Original 
counts

Volume 
increase

57 184.7 ± 16.3 185.4 ± 20.4 1.6

117 106.7 ± 10.7 107.5 ± 14.4 1.8

184 60.4 ± 9.1 59.0 ± 12.1 1.9

245 37.8 ± 6.3 37.0 ± 9.6 2.4

306 22.1 ± 5.7 20.0 ± 7.9 2.3

Table 2: A comparison of the background corrected and 
stripped uranium window counts before and after window 
reconstruction.

Survey
Altitude (m)

Reconstructed
Counts

Original
Counts

Volume
Increase

57 14.4 ± 2.0 14. ± .6 7.5

117 9.4 ± 1.5 9.3 ± 5.3 12.3

184 5.4 ±1.2 4.7 ± 4.8 21.7

245 3.3 ± 1.0 3.7 ± 4.2 15.1

306 1.9 ± 0.9 2.4 ± 4.0 12.9
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Figure 4b: A standard and processed uranium profile flown at 123 m
over the Breckenridge calibration range.

Figure 4c: A standard and processed thorium profile flown at 123 m
over the Breckenridge calibration range.

Figure 4a: A standard and processed potassium profile flown at 123 m
over the Breckenridge calibration range.

Figure 4d: A standard and processed uranium profile flown at 300 m
over the Breckenridge calibration range.
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OTHER EXAMPLES OF
SPECTRAL COMPONENT ANALYSIS

The new processing procedure can be applied not only to airborne data
but to any series of gamma-ray spectral measurements. In this section we
show some of the results from a variety of other airborne gamma-ray data
sets as well from carborne systems and portable gamma-ray spectrome-
ters. In all examples, eight spectral components were used in the analyses.

One of the difficulties in estimating the reduction in statistical noise
that can be achieved with the new processing procedure is to separate real
variations due to changes in ground radioactivity from those due to sta-
tistical noise. We have therefore analyzed a data set flown over the Breck-
enridge calibration range near Ottawa (Grasty and Charbonneau, 1974)
where the potassium, uranium and thorium concentrations are relatively
uniform. The test range was flown using a 33 l system at nominal survey
heights from 60 m to 300 m at 60 m intervals. Background measure-
ments were also made over the Ottawa river at the same altitudes.

Figures 4a, 4b and 4c show the background corrected and stripped
potassium, uranium and thorium windows at a typical survey altitude of
123 m, where the stripping procedures follow those recommended by
the International Atomic Energy Agency (1991). The profiles show a sig-
nificant reduction in statistical noise particular for the uranium and
thorium measurements. Tables 1 to 3 show the average and standard
deviation at all five altitudes for potassium, uranium and thorium
respectively. Since the variance is equal to the measured counts it is
therefore proportional to the detector volume. Consequently, from the
reduction in statistical variance, we have been able to calculate the effec-
tive relative volume increase due to the new processing method. This
effective volume increase is shown in Tables 1 to 3 and reaches a value of
almost 20 for the stripped uranium measurements at an altitude of
300 m. This is illustrated in Figure 4d which shows the original and
reprocessed uranium profiles at 300 m.

Ratio maps can be extremely useful in mineral exploration as shown
in a variety of papers presented at this conference. However, one of the
main problems in the use of such maps is that they are relatively more
noisy than the individual radio-element maps. Figures 5a and 5b show
two uranium/thorium maps from the Kozloduy area in Bulgaria. This
survey was flown at a mean altitude of 90 m with a line spacing of 100 m
using a 50 l system (Hetu et al., 1990). The two maps are the ratios of the
uranium and thorium window data, one using the original raw windows
and the other using the reconstructed windows. Both maps were made
using identical gridding routines and were made to demonstrate the

differences between the traditional and the new method. No effort was
therefore made to suppress features caused by navigation problems. The
processed ratio map clearly has significantly less noise than the raw ratio
map with more observable geological features and is therefore much
more useful for interpretation purposes.

The new processing method was also tested on gamma-ray data
from a car-borne system with one 4 × 4 × 16 inch detector. Figure 6
shows a section of the thorium window profile before and after recon-
struction using the complete data set in the analysis. Because of the real
variations in thorium concentration, a flat section of the profile was
selected to demonstrate the benefits of the new processing technique.
Analysis of the variations of the raw and reconstructed profiles shows
that the reduction in statistical noise using the new procedure is equiv-
alent to an effective volume increase of approximately ten.

The method has also been tested on a series of portable gamma-ray
spectrometer measurements. Figure 7 shows two profiles of the raw and
reconstructed uranium window data from 56 measurements taken along
the Breckenridge calibration range. The reconstructed uranium window
shows significantly less noise the original window, the reduction in
statistical noise being equivalent to an effective volume increase of 3.5.

DISCUSSION

We have found that the new method significantly reduces the statistical
noise compared to the standard window method and is significantly bet-
ter than the spectral fitting method described by Grasty et al. (1981) and
Minty (1996). There are two basic reasons for this.

Firstly, in the spectral fitting procedure the airborne spectra must
first be determined experimentally using calibration pads to simulate
the spectra from potassium, uranium and thorium. However, with this
type of measurement it is difficult to simulate airborne spectra at ener-
gies below about 400–500 keV. This is because a significant fraction of
the low energy gamma-rays measured at aircraft altitude is downward
scattered skyshine radiation from sources several hundred meters away.
Consequently the standard spectral fitting procedure cannot be used
below an energy of about 500 keV. An even higher energy limit may be
necessary in the northern hemisphere due to the presence of 137Cs at 662
keV unless the variable 137Cs spectrum shape is taken into consideration
(Hovgaard, 1997).

The new method does not have these limitation and the analysis can
be carried out over all energy ranges. Although there is little spectral
information in the low energy part of the spectrum, there is information
on overall levels of radioactivity. At a typical survey altitude of 123 m
approximately 60% of the measured counts are below 600 keV.

The second reason why the new method achieves better results than
the spectral fitting method is because of the strong correlation between
potassium, uranium and thorium both in their detector response as well
as their occurrence in nature. If potassium, uranium and thorium are
perfectly correlated then apart from three scaling constants which can
be determined from the average spectrum, the total count is the best
estimate of the window counts or concentrations. In this situation, a
spectral component analysis will show that just one component is suffi-
cient to explain the entire data set. However, the standard spectral fitting
method will use three or even six components in the analysis. Conse-
quently, the propagation of statistical errors in the observed spectra will
result in greater statistical errors in estimates of ground radioelement
concentration.

Table 3: A comparison of the background corrected and 
stripped uranium window counts before and after window 
reconstruction.

Survey
Altitude (m)

Reconstructed
Counts

Original
Counts

Volume
Increase

57 46.0 ± 4.00 45.9 ± 8.2 4.3

117 31.1 ± 2.6 30.6 ± 6.4 6.3

184 19.7 ± 2.2 20.0 ± 5.5 5.9

245 13.3 ± 1.5 13.3 ± 4.5 9.3

306 8.5 ± 1.4 9.2 ± 4.0 7.1
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Figure 5b: A processed uranium/ thorium ratio map from the Kozloduy area, Bulgaria.

Figure 5a: A raw uranium/thorium ratio map from the Kozloduy area, Bulgaria.
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It is difficult to use real data to calculate the reduction in statistical
noise that can be achieved by the new processing method. The reason for
this is that the observed variations are the result of both statistical vari-
ations as well as variations due to changes in ground radioactivity. In
order to address this problem we have carried out Monte Carlo simula-
tions using an average spectrum from the Nevada data set. From this
average spectrum a series of simulated spectra were created using a Pois-
son number generator and added to the Nevada data set. The raw and
reprocessed potassium, uranium and thorium windows were then cal-
culated from this new data set of simulated and measured spectra.
Figure 8 shows the raw and reconstructed thorium window calculated
from the simulated data set. It was found that the relative reduction in
the variance of the reconstructed windows corresponded to an effective
volume increase of 1.6, 4.3 and 5.2 for potassium, uranium and thorium
respectively.

One particular advantage of the new method is that it does not
depend on the ordering of the spectra. Consequently at the boundaries of
different rock types, the reconstructed windows will show no evidence of
spatial filtering and retain all features relating to changes in radioactivity.
Figure 9 shows the results of Monte Carlo simulations of an airborne
gamma-ray spectrometer flying over the boundary of two rocks units
with 1 and 2 ppm thorium. At the boundary, the potassium and uranium
concentration also changed from 9% to 3% and from 4.5 ppm to 1.5 ppm
respectively. The spectra used in the simulations came from measure-
ments on large calibration pads as described by Dickson et al. (1981)
with a volume of 32 l and a flying height of 70 m being assumed. In the
spectral component analysis, 27 different ground concentrations with
different proportions of potassium, uranium and thorium were also
included. The figure shows that the reconstructed thorium window has
retained the boundary position as well as the thorium concentrations.

One possible concern in the analysis is that small anomalies of pos-
sible economic interest may be lost. These anomalous features may
appear in only a few airborne measurements out of many tens of thou-
sands of measurements. However, if the component spectra do not fit the
observed spectra at these particular anomaly locations, an additional
component will be included. In addition, all anomalies from natural
sources of radiation are caused by changes in the ground concentration
of potassium, uranium and thorium. Consequently, six spectral compo-
nents should be sufficient to explain any real changes in the observed
spectra from potassium, uranium and thorium (Dickson et al., 1981).

In the northern hemisphere there may be two spectral components
due to different depth distributions of 137Cs from the Chernobyl nuclear
accident (Hovgaard, 1997). An additional component may also be
required to account for changes in the proportion of the cosmic-ray
background to the radiation from the ground. This would be particu-
larly important if there are large topographic variations within the sur-
vey area. There may also be additional components due to equipment
malfunctions including spectral drift (Figure 1). Figure 10 shows one
anomalous airborne spectrum from 4,000 measurements in which one
particular channel had an anomalous reading due to electronic noise.
This problem was identified from the sixth spectral component shown
in Figure 11. The record number of the problem spectrum was located
by plotting the amplitude of this component (Figure 12).
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Figure 8: A simulated raw and processed thorium profile using the
average airborne spectrum from the Nevada survey.
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Figure 7: A raw and processed uranium profile from a portable spectrometer.
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Figure 6: A raw and processed thorium profile from a car-borne system.
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FUTURE DEVELOPMENTS AND RECOMMENDATIONS

Since the reconstructed spectra have significantly less statistical noise
than the original measured spectra, the new technique has benefits in
any full spectral analysis. For example, Minty (1992) has developed a
spectral ratio technique to monitor atmospheric radon background
changes. After spectrum reconstruction, the calculated radon back-
ground will be more reliable allowing it to be updated more frequently.
By combining the various spectral components in different proportions,
it may also be possible to create a pure radon spectrum. This would then
allow continuous measurements of the radon background without the
necessity of extracting particular photopeak from the spectrum. A sim-
ilar procedure has been demonstrated by Hovgaard (1997) for monitor-
ing low levels of 137Cs due to atmospheric weapons testing.

Due to the Chernobyl nuclear accident and atomic weapons testing,
a large part of the northern hemisphere is contaminated with 137Cs. In
these areas upward-looking detectors are normally used to monitor
atmospheric background variations. There is no reason why the upward
window counts cannot be incorporated into the spectral component
analysis. This would allow better estimates of the upward detector count
rates thereby improving the background measurements

Another application of the spectral component analysis relates to
identifying a possible problem due to spectral drift which is identified as
the fifth spectral component in the Nevada data (Figure 1). Through
spectral reconstruction, it will be possible to locate the channel posi-
tions of the major gamma-ray peaks more reliably than from the original
spectra, allowing better any energy calibration procedures.

In the limited number of airborne survey data sets we have analysed,
eight spectral components are sufficient to explain the real spectral
shapes present in the data. For these surveys only eight components are
necessary in the spectrum reconstruction to retain all the spectral infor-
mation. However, it is recommended that the spectral components
should always be examined to verify that no real spectral information is
being lost from the reconstructed spectra. In view of the computational
requirements in analyzing many thousands of multi-channel spectra, it
is also recommended that the analysis be carried out on a flight basis. We
have found that with a 100 MHz Pentium processor it takes roughly 10
minutes to process one hour of 1-second measurements.
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Figure 9: A simulated reconstructed thorium profile over a step function.
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SIXTH SPECTRAL COMPONENT
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Figure 11: The sixth spectral component showing the noise spike.
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CONCLUSIONS

This paper has shown that there is considerable improvement in apply-
ing the proposed spectral analysis method to airborne gamma-ray data.
An analysis of both simulated and measured survey data has shown that
for uranium and thorium, it is possible to achieve a reduction in statis-
tical noise equivalent to an effective increase in detector volume by a fac-
tor typically between 3 and 4. The technique has the advantage over the
standard spectral fitting procedure that no experimental measurements
are required. An additional advantage is that following this pre-process-
ing procedure, the standards already developed by the International
Atomic Energy Agency (1991) for the three-window analysis can still be
carried out.
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