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ABSTRACT

The airborne radiation monitoring has been used in geophysics for more than forty years and now it also
has its important role in emergency monitoring. The aircraft background and the cosmic gamma-rays
contribute to the measured gamma spectrum on the aircraft board. This adverse effect should be
eliminated before the data processing. The paper describes two semiparametric methods to estimate the
full spectrum aircraft background and cosmic gamma-ray contribution from spectra measured at alti-
tudes where terrestrial contribution is negligible. The methods only assume to know possible peak
positions in spectra and their full width at half maximum, that can be easily obtained e.g. from terrestrial
measurement. The methods were applied to real experimental data acquired on Mi-17 and Bell 412
helicopter boards. The IRIS airborne gamma-ray spectrometer, with 4 x 4 L Nal(Tl) crystals, produced by
Pico Envirotec Inc., Canada, was used on helicopters’ boards. To obtain valid estimate of the aircraft
background and the cosmic contribution, the measurements over sea and large water areas were carried
out. However, the satisfactory results over inland were also achieved comparing with those acquired over

Principal component analysis large water areas.

© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The modern multichannel airborne gamma spectrometers have
been used for routine natural radioactivity surveys in geophysics.
The basic principles of the airborne gamma spectrometry in
geophysical applications were described in many publications
[1-3]. In last decades after the Chernobyl disaster, the airborne
gamma spectrometry was used for the emergency monitoring of
man-made nuclides [4—6]. The Monte Carlo simulations were also
applied for the airborne spectrometry [7—9]. Many procedures
were summarized in the IAEA recommendations [10,11]. Un-
manned aerial vehicles can be successfully applied for small
contaminated areas [12,13], but they cannot replace aircrafts or
helicopters used for the airborne surveys over large areas. The
airborne emergency monitoring is focused on long-term man-
made radionuclides, especially *’Cs and '**Cs. The airborne
gamma-ray spectrum measured on board is affected by many
adverse effects that need to be removed before the data processing.
The objective of this paper is to eliminate one of such effects, which
are the aircraft background spectrum and cosmic gamma-ray
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contribution to the spectra measured on the board. The aircraft
background and cosmic gamma-ray contribution is usually elimi-
nated in three spectral windows (K, U, Th) based on the measure-
ments over sea or large water areas [10]. This paper proposes two
mathematical methods to estimate the aircraft and cosmic gamma-
ray spectra based on experimental data. One method is based on
non-negative weighted least squares optimization, the second is
based on principal component analysis.

In majority of background measurements, there are not enough
data to obtain smooth estimates of the aircraft background and
cosmic gamma-ray contribution with no additional information
provided. Methods proposed in this paper use artificial basis that is
based on physical properties of gamma spectrum and that
(approximately) generates the space of the expected value of an
aircraft background spectrum and the cosmic gamma-ray
contribution.

There are three main effects which contribute to the spectra
measured on the aircraft board during airborne survey. The first is
radon, the second is the aircraft background and the cosmic
gamma-ray contribution and the last is attenuation effect due to
flight altitude. The first two effects should be eliminated from the
spectrum before the data processing.
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1.1. Radon background correction

Radon (*?’Rn) is a gas which escapes from soils and rocks. Its
decay products can contribute to the spectrum. This has great
importance in geophysical surveys. Radon decay products can
significantly arise up count rates in the uranium window [10,11].
This can affect the ground uranium activity concentration calcula-
tion. The radon removal methods are not simple, some of them are
described, for example, in Refs. [14,15]. The effect of daughter
products on the spectra measured and methods for estimation of
their contribution is not objective of this paper. It is recommended
to use data where no radon daughter products are expected to
estimate the aircraft background and cosmic gamma-ray
contribution.

1.2. Aircraft background and cosmic gamma-ray contribution

The second important aspect is the aircraft background and the
cosmic gamma-ray contribution. This contribution should be
eliminated in the spectra to avoid biased results in both geophysical
surveys and emergency monitoring. The aircraft background
spectrum is present on the board due to the on-board radioactivity.
It is composed of different components of the radioactivity present
in the aircraft (in fuselage material, fuel tank, and in the persons
present on the board as the naturally occurring sources of human
body) and the intrinsic spectrometer noise. In general, this back-
ground component can be considered as constant during the flight.

The cosmic background component arises from the reactions of
primary cosmic radiation in the upper atmosphere. This generates
the secondary radiation which reacts with the air, aircraft and the
detector. The airborne spectrometers usually measure gamma-ray
radiation in a range up to 3 MeV. Generally, all gamma-ray radia-
tion higher than 3 MeV is cosmic origin. Counts from energies
higher than 3 MeV are detected in the cosmic channel to estimate
the cosmic gamma-ray background. The so-called cosmic channel
is usually the last energy channel in the spectrum range.

If a spectrum measured on board only consists of the aircraft

background and cosmic gamma-ray contribution, it is possible to
estimate counts in the individual spectral windows of K, U and Th
[10], i.e., the aircraft contribution (constant) and the cosmic
gamma-ray contribution (dependent on altitude above sea level).
The following procedure has been used for decades in the
geophysical airborne surveys. The aircraft and cosmic background
contributions in spectral windows have been estimated so far as
follows [11]:
CRpkep = CRp Heli + Sc x CRcos (1)
where, CRpkcp is the combined aircraft (in our case helicopter) and
the cosmic gamma-ray background in each spectral window,
CRg Heli is the helicopter background in each spectral window, CRcos
is the cosmic channel count rate, S is the cosmic stripping factor for
spectral window. In compliance with [10], the coefficients CRp yel;
and S have to be determined by suitable measurements over large
water areas at the altitudes from 1500 m to 3000 m with the
minimum air radon concentration. The combined aircraft and
cosmic gamma-ray background CRpycp is linearly related to the
count rate in each spectral window, see equation (1). Thus, the
linear relationship is described by the cosmic stripping factor S
(the slope) and helicopter background CRg eji (the intercept with
Y-axis) for each spectral window. Any deviation from linearity
means the presence of radon in the air [10,11].

It can be expected that only helicopter background and cosmic
gamma contributions are measured at flight altitudes above
1000 m—1500 m above ground level (hereinafter referred to as
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AGL). The terrestrial contribution at these altitudes is negligible.

Two types of helicopters are used for the airborne radiation
monitoring by the Emergency Preparedness Division at the Na-
tional Radiation Protection Institute in the Czech Republic. The type
of helicopter plays a significant role on the background effect,
especially for its size, inner space and fuel tank position. The Czech
airborne team uses Mi-17 helicopters (NATO code ID NATO HIP—H)
and Bell 412 helicopters. Both helicopter types have their fuel tanks
out of the field of view of the airborne spectrometer, which elim-
inates the variable attenuation effect.

Formula (1) can be extended to the individual energy channels
in the full spectrum. However, this approach needs a longer time
interval for acquiring the data at the appropriate cruising levels to
achieve the smoothed spectrum. Unfortunately, this is usually not
possible for many reasons - in particular, helicopter fuel con-
sumption needed for the following airborne survey itself, flight
safety, etc. Usually, 5-min spectra can be acquired at each of
different altitudes before the airborne survey itself. This gave the
idea to use the mathematical methods that incorporates physics
knowledge (by applying a physics-based basis used as the regres-
sion design matrix) to reduce uncertainty.

2. Material and methods
2.1. Airborne IRIS gamma-ray spectrometer

The experiments were performed with IRIS gamma-ray spec-
trometer. The spectrometer was provided with four Nal(TI) crystals
with dimensions of 10 x 10 x 40 cm. The spectrum in IRIS was
always energy calibrated from 10 keV to 3 MeV and stabilized by
the software algorithm according to “°K (1460 keV) and 20%TI
(2614 keV) peak positions. The spectrometer has 512 channels. The
last channel (channel 512) was the cosmic channel in which all
gamma events in the energy range from 3 MeV to approximately
7 MeV were detected.

2.2. Methods for estimation of the aircraft background and cosmic
gamma-ray contribution

Two relatively simple to implement methods are proposed. The
first method assumes that the multiple spectra are recorded at two
or more different altitude levels. The second method does not need
such assumption, but it usually provides results with higher
uncertainty.

In what follows, the vectors and matrices are written in bold
font and arithmetical operations (such as addition, subtraction,
division, etc.) applied on them are considered as element-wise.

2.2.1. Basis that generates the space of mean aircraft spectra and
cosmic gamma-ray contribution

Suppose that each expected value of each recorded spectrum
can be written as linear combination of:

1. Vectors in RK that represent (scaled) energy peaks for each
radionuclide that can be found in aircraft spectrum. The peaks,
sometimes called the primary components, are constructed in
the form

o (xn? /&

(2)

where x represents the energy or the energy channel (1, ...,K),
the parameter =R controls the location of the peak and the
parameter d > 0 controls the width of the peak (full width at half
maximum height is approximately 2.355 d). Elements of such
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vectors are mainly close to zero except for the surroundings of
the energy (or energy channel) u. We denote the matrix formed
by these columns vectors as P, € R*P» where pj, is the number
of peaks (i.e. the number of vectors that represents peaks). The
basis with peaks, primary components, is illustrated in Fig. 1,
where p, = 8.

. Vectors in RX that represent energy peaks for cosmic gamma-
ray contribution. They are constructed in the same way as the
vectors in paragraph 1. The matrix formed by these column
vectors is denoted by P.eRK*P<_ It is usually considered only
one peak of cosmic gamma-ray background (p. = 1).1Itis shown
as dashed red peak in Fig. 1. This peak is also considered as the
primary component.

. Vectors in RX whose non-negative linear combinations generate
the space of possible expected values of aircraft background
spectra (respectively cosmic gamma-ray spectra) with primary
components in paragraph 1. (respectively 2.) removed. The
spectra without primary components are in the following text
called secondary components. It is assumed that the secondary
components (i.e. Compton scattering) are non-increasing except
for the interval with low energies (e.g., energies <117 keV).
Hence, only subset of channels (energies) where these vectors
are non-increasing (e.g., channels 20—511) are considered. The
remaining elements are left as undefined. This basis is con-
structed from I-spline basis (integral of M-spline) with the
intercept included in the basis, [16]. The I-spline basis is formed
by non-decreasing functions with the maximum value of one.
The basis used to fit the secondary components is then con-
structed as

V=Jkp—Sp< RIOP,

(3)

where Ji ,&RC*P denotes a matrix of ones and S, € R€*P de-
notes the matrix with I-spline basis with p columns. The basis is
illustrated in Fig. 2.

The parameters from equation (2) are chosen such that the
location (u) and the width (d) of a peak corresponds to the data
measured in Nal(TI) crystals of IRIS spectrometer. The results of the
paper are calculated for I-spline basis considered for interval from
20th channel to 511th channel (the elements outside this interval
are set as undefined), with the polynomial degree of three,

0.25 -
0.20 4 U 295 keV
U 351 keV
0.15 1 511keV
4 U 609 keV
H
I
0.10 A 1" U 1120 keV
i K 1460 keV
EE U 1764 keV
[
i
i
i
i
H
i
: 1
0.00 : , : - 1

500 1000 1500

Energy [keV]

2000 2500 3000

Fig. 1. Basis for primary components — expected peaks in background helicopter
spectrum. Dashed peak of 511 keV is the only one peak in the cosmic gamma-ray
spectrum. Position (parameter u) and full width at half maximum (respectively
parameter d) corresponds to data measured in Nal(Tl) crystals of IRIS spectrometer.
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1500
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Fig. 2. Basis for secondary components from paragraph 3 in Section 2.2.1 based on I-
spline.

boundary knots in channels 10 and 550 (59 and 3220 keV) and
internal knots in channels 50, 80, 120, 160, 350 (293, 469, 703, 938
and 2051 keV). It follows that in this particular case p =9 (the
number of internal knots + polynomial degree + one for intercept),
hence V& RK*9_ This basis is shown in Fig. 2. The optimal selection
of knots (its position and its number) is not practically feasible in
the most cases because of lack of enough training data. The general
advice is to choose a number and the positions of knots such that
basis avoid overfitting but still provides enough flexibility to fit the
secondary components. Knots in the paper were chosen based on
Mi-17 data. Good results could be obtained with 5 internal knots
where distance between knots increases with energy. It is impor-
tant to keep first three internal knots relatively close to each other
because there is most significant change in the shape of secondary
components. Boundary knots should be chosen outside the range
for channels (respectively energies) that are considered to fitting
even though it does not need to have physical meaning.

Decomposition of a spectrum to a primary component and to a
secondary component is illustrated in Fig. 3.

2.2.2. Non-negative weighted least squares method (NN-WLSQ)

The proposed methods use the non-negative weighted least
squares optimization to find estimates of regression parameters.
The method produces only non-negative estimates of regression
coefficients. This paragraph presents the summary of this method.

—Spectrum (primary +
secondary comp.)

—Primary component

--- Secondary component

Component

Energy

Fig. 3. lllustration of decomposition of a spectrum to primary (Gaussian peaks) and
secondary (scattering) components. The spectrum is the sum of primary and secondary
components.
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Denoteby Y = (y1, ...,yn)T avector of dependent variable, assume a
matrix with regressors (the design matrix) X R"*P, denote by x;

the i™ row of matrix X and denote by w = (wq,...,wn)" a vector
with weights, then the non-negative weighted least squares
problem is defined as
2
T
(Yi —X; ﬂ) .

arg min “w; (4)

>0

2.2.3. Notation for method based on non-negative weighted least
squares

Suppose that spectra were recorded at H > 2 different altitudes
where no additional gamma ray sources other than aircraft back-
ground and cosmic are present. Denote by

1. y;j recorded number of counts in energy channel k. k = 1,...,K,
of spectrum j = 1,...,n; at altitude h;,i = 1,...,H.

2. ¢;j cosmic channel count rate for spectrumj = 1, ..., n; at altitude
hi,i =1,....H.

This method does not need to use each individual spectrum. It
only suffices to work with the average spectra at each altitude h;,
i=1,... H:

1

LI K
n_iZj:rVu ERY,

yi= (5)
where y; eRK is j™ recorded spectrum at altitude h;. The average

count rates in the cosmic gamma-ray channel for each altitude
h;,i=1,...,H, are also used for calculations:

_1
-

n; c
=10

Ci (6)

y

2.2.4. Assumptions for method based on non-negative weighted
least squares
The proposed method is based on the following assumptions:

- Recorded counts follow the Poisson distribution, y;, ~ Po(2y).
Ai is the expected value of count rate in the energetic channel k
of a spectrum at altitude h;.

. Yijk and Yy, are independent random variables (if (i,j, k) #
n)).

. Ci,Gj,i=j are independent random variables that follow the
Poisson distribution.

. The altitudes hy,...,hy are not close to each other. In other
worlds, the cosmic gamma-ray contributions for each altitude
are distinguishable from each other. In ideal case, the differences
between expected values of cosmic channel count rates at
different altitudes are high and simultaneously variances of
calculated means are low. The paper uses the following rules
that are based on the coefficients of variations:

(Lm,

1
= §517i:l77H (7)
vV i
and
\Ci/ni +¢/ny .
f<5 71751. 8
c—al 2 ®)
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The left side of (7) is an estimate of coefficient of variation of
average (and also total) cosmic channel count rates for altitude
h;. The left side of (8) is an estimate of coefficient of variation of
difference of averages at altitude h; and h;. The parameters 01, 6,
are upper limits for uncertainty. 6; = 0.005 and ¢, = 0.03 could
lead to acceptable results (based on the analysis of datasets for
two types of helicopters).

. There is no other systematic contribution to spectra than the
aircraft background and the cosmic gamma-ray contribution.

2.2.5. Algorithm for method based on non-negative weighted least
squares

The proposed method can be considered as generalization of the
spectral windows method described in Section 1.2. Denote by ;€
RX the vector of the expected value of a vector with recorded
number of counts at altitude h; (the expected spectrum at altitude
h;). It holds that:

Ai=b + ¢, 9)

where:

1. beRK is the expected value of the aircraft background (i.e. mean
counts for the aircraft background)

2. ceRKX is the expected value of spectrum with cosmic gamma-
ray contribution for unit cosmic channel count rate

3. v;>0is expected value of cosmics channel count rate at altitude
h;.

It follows that v;c is the expected value of cosmics contribution
at altitude h;. The proposed method provides the estimates of
vectors b and c. Since spectra and the elements of basis from Sec-
tion 2.2.1 are non-negative, the estimation is done with NN-WLSQ
(4).

The vector of dependent variable for NN-WLSQ is:

yi

Yy=|(": (10)
YH

The structure of the matrix with regressors (design matrix) is

based on the assumption that there exist vectors with non-negative

elements By, By €ERP, Bp, €RPb, Bp. € RP< such that:

b=Vpy, + PyBpp, (11)

c=VpBy. + PcBp.

It follows from (9), (11) and (12) that expected value of vector y;
is equal to:

(12)

Ey; =4 = VByy + PpBpp, +7iVByc + ¥iPcBpc- (13)

To construct the design matrix for NN-WLSQ we replace the
unknown parameters v; with their estimates ¢;. The matrix, X, is
therefore in the form:

V P,V ©¢P;
X=1: : : : (14)
V P,cyV cyPc

Note that although X has full column rank it suffers from mul-
ticollinearity that increases the variance of the estimate. This effect
is attenuated by the data assumption 4 from Section 2.2.4.

The variances of elements of y; are not the same. There are
relatively high differences between these variances. In this case, the
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weighted least squares method produces the estimates with lower
(the lowest possible if proper weight vector is used) variance.
Theoretical vector of weights is in the form:

w=1/v (15)
where
A /my
v= : (16)
An/ny

Vectors A; are unknown. It can be replaced with the moving
average of y; or with the fitted values produced by the multistage
application of the proposed method: first, the estimation is done
with weights determined from moving averages. Then, the estimates
are used to calculate fitted (smoothed) spectra and the weights are
determined from the fitted spectra, (20). Finally, the method is
applied using this weight vector to obtain the final estimate.

Vector v or its estimate is usually very close to zero for some
energy channels. To make method numerically stable, the authors
of the paper recommend to add an offset to vector v. The results in
the paper are calculated for offset 0.5, thus for the weight vector
w =1/(v+0.5).

The application of the non-negative weighted least square
method for the vector of dependent variable Y, (10), the design
matrix X, (14), and the vector of weights (15) produces the estimate
of regression parameters:

Bon
Bb2
Ba
B

Each part of this vector corresponds to one column block of the
design matrix X, (14).

The estimates of aircraft background and cosmic contribution
for unit cosmic channel count rate are:

(=] RP+Pb+P+Pc .

)

(17)

b=VBy + PyBi, (18)

€=VBe +PcBe. (19)

The cosmic gamma-ray contribution at the altitude h; is esti-
mated as €;c. Finally, the fitted (smoothed) spectra for altitude h; is
calculated as:

Ai=b +Gc. (20)

2.2.6. Method based on principal component analysis (PCA)

The main assumption for this method is that spectra were
recorded at different altitudes and, if possible, no repeated mea-
surements at the same altitude are realized. An ideal case if spectra
are recorded with gradually increasing altitude. This method uses
similar concepts, the same notation and the same assumptions as
the method based on non-negative least squares, except that there
is no need to use notation for altitudes and also there is no need to
make assumption about altitudes (data assumptions 3 and 4 in
Section 2.2.4). Thus, the notation of altitude h; can be ignored.

Suppose n recorded spectra yi,...,y,€RX and their corre-
sponding cosmic channel count rates cy, ..., cy. Analogously to the
method based on non-negative least squares it is assumed that for
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spectrum i=1,...,n it holds ¥; = (Ji1,....Vik)", Vik ~ Po(Ay) and
that y;;, i, are independent random variables for (i,j) # (k,I). Denote
by A;€RK vector (A1, ..., k). Further assume ¢; ~ Po(y;),i=1, ...,
n, where v; is the expected value of cosmic channel count rate for
i™ recorded spectrum.

It holds that:

Ai=b+7y;ci=1,....n. (21)
The average spectrum:

e

Vo= Vi (22)

has the expected value:

Ey,=b+7,c (23)

where ¥,, is the average of v1,...,v,. It follows that variables z; € RX
defined as:
zZi=y;—y,i=1,...n (24)
can be expressed in the form z; = (y; — ¥,)c +¢;, where ¢; is a
vector of residual errors. This error vector has expected value equal
to the vector of zeros. Its covariance matrix is approximately equal
to diag {4;}. The variables z; would lie along the line in K dimen-
sional space that goes through the origin in the direction given by
vector c. The deviations from this line are caused by error vectors ;.
Hypothetically, if e; = 0 then z; lies on this line.

The vector with the cosmic gamma-ray contribution ¢ for unit
cosmic channel count rate can be estimated by the application of
the principal component analysis (in geophysics often called
NASVD, [17]). Since the variance is not constant throughout ener-
getic channels 1, ..., K, it is generally recommended to scale the
elements of vectors z; with respect to their variance (noise
adjustment). The method is thus applied on the data:

Zi /\Yn,i=1,....n (25)

The theoretical first (and only one non-noisy) eigenvector
(denote it by u,|u|| =1) after transform u./y, (elementwise
multiplication) is supposed to be in the form «;c, where ¢; eRis a
constant whose absolute value depends on ||c||.

The estimate of the expected value of spectrum with cosmic
gamma-ray contribution for unit cosmic channel count rate is:

E:u\/an/alv

where the value of parameter «; is estimated from the linear
regression problem:

(26)

ci:a0+a1si+5i,i:1,,..,n (27)
where « is the intercept (its least square estimate is approximately
equal to average of ¢;,i = 1,...,n), s; are the principal component
scores for the first eigenvector (s; is the coordinate of z;/+/¥y, with
respect to the first eigenvector u), §; are random independent er-
rors. Value of the parameter «; from (27) is estimated using the
weighted least squares method with weights 1/¢;,i = 1,...,n.

It follows from (23) that the estimate of the aircraft background
is:
c,

b=y, -¢n (28)

where ¢, is the average of ¢;,i = 1,...,n.
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Both estimates (26) and (28) are not smooth enough for usual
sample sizes (about 1000 spectra). Smooth estimates can be ob-
tained in a similar way as is used for the first method. The smooth

estimate of the aircraft background, BS, is obtained from non-
negative least squares regression for the vector of dependent var-

iable b and the design matrix (V,Pp) as:

bs=VBy; + PyBy, (29)

T
where 8 = (3;, BZZ) is the estimate of regression parameters. In
this case, no weights are used. The smooth estimate of the cosmic
gamma-ray contribution is calculated analogously for the depen-
dent variable ¢ and the design matrix (V,P¢).

The better results are obtained if the first energy channels are
omitted (e.g., the first 20 channels, i.e. energy <117 keV). To obtain the
best results, the spectra should be recorded at the altitudes where the
signal from cosmic channel count rate is variable enough (e.g., the
coefficient of variation of recorded cosmic channel count rates is at
least 20% for the average cosmic channel count rate of 200 cps).

2.2.7. Uncertainty calculation

The covariance matrix of estimates (17) can be estimated using
the theory of linear regression modelling. Main assumption is that
the covariance matrix of solution to NN-WLSQ can be approxi-
mated by the covariance of WLSQ. Once having the covariance
matrix of (17) the calculation of standard deviations of many
characteristics of the helicopter background and cosmic contribu-
tion is straightforward (using property var(a’X) = avar(X)a),
because (18), (19) or their sum on an interval are linear combina-
tions of vector (17). This approach ignores the uncertainty of cosmic
channel count rates. It is also quite sensitive to cases when the
proposed model does not describe the data well (e.g. location of
primary components in basis and in data is not the same). Further,
because of very small mean count rates for channels with higher
energies, the assumption about at least approximative normal error
does not hold.

Another way is so called parametric bootstrap — estimates are
obtained by simulating data from the model assuming that real
values of unknown parameters are equal to their estimates. The
spectra are simulated using Poisson distribution. The statistic of
interest is then estimated from each simulated dataset. This way
the distribution of the statistic of interest can be estimated. Un-
certainty of cosmic channel count rates can be incorporated into
the analysis. This method can also be used to uncertainty estimates
for the PCA based method or to estimate how a deviation from an
assumption affects the results.

3. Experimental data

The data from different airborne measurements described below
were used to verify the mathematical approach for calculating the
aircraft background and the cosmic gamma-ray contribution. All
measurements were carried out on the same type of Mi-17 heli-
copter with the same equipment on the board and nearly the same
crew. Table 1 shows the geographical data of the airborne mea-
surements over large water areas and some of the airborne mea-
surements in the Czech inland. The method was also applied on the
data acquired with Bell 412 helicopter, however, there is no com-
parison with the data taken over large water areas. In all cases the
measuring times, i.e. the number of 1-s spectra, were 300 at each
flight altitude (n; = 300). The sample size is mainly determined by
the maximum possible time interval that the aircraft could spent at
cruising levels h;.
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3.1. Altitude measurements in France

Five flight levels (300, 500, 750, 1000 and 2000 feet, i.e., 91, 152,
229, 305 and 609 m) were chosen for the measurements over the
Mediterranean Sea during the Airborne Gamma Spectrometry
Campaign — AGC France in 2019 (Table 1). The measurements were
arranged approximately 16 km far from the French coast from the
maximum to minimum flight altitude. The distance of 16 km from
the coast guaranteed the zero effect of the terrestrial components
and the negligible effect of radon. The measuring times on the in-
dividual flight levels were at least 5 min while the pilots tried to
keep the constant flight altitudes over sea.

3.2. Altitude profile measurements in Switzerland

The International Airborne Radiation Monitoring Campaign was
held in Ziirich in June 2017 [18], Switzerland. Participants were
teams from Switzerland, Germany, France and the Czech Republic.
There was a possibility to carry out altitude profile measurements
over Zugersee (English: Lake Zug). The Zugersee is a lake in Central
Switzerland, situated between Vierwaldstattersee (Lake Luzerne)
and Ziirichsee (Lake Ziirich). The central part of the lake has an area
of 3.7 km x 7.0 km. The water level is 417 m above the sea level. This
environment gives good conditions for the determination of the
helicopter background and cosmic gamma-ray contribution to the
spectrum in a range up to 3 MeV. The spectra were taken over the
central part of the lake at the altitudes of 90 m, 180 m, 300 m,
600 m, 1200 m 1800 m and 2400 m above the water level (approx.
from 500 m to 2800 m above sea level) while only the data of three
highest flight altitudes were applicable. Mi-17 helicopter was
hovering for 5 min (at least 300 recorded spectra) at each altitude
(Table 1).

3.3. Altitude measurements in Czech Republic

Similar experiments were carried out in the Czech Republic over
landscape and the results were compared to those acquired in
Switzerland (Table 1). Measurements were carried out at the flight
altitudes approximately from 2000 m to 3100 m above sea level
(ASL). The detailed information is given in Table 1. The experiments
were performed with Mi-17 helicopter, ID 0849. The IRIS gamma-
ray spectrometer, the crew on board, etc. were identical as in
Switzerland. The Mi-17 spectra were calculated in the same way as
before.

Two experiments were also carried out with Bell 412 helicopter
ID OK BYN near the Vlasim Public Airport, see Table 1. Only two
operators and two crew members were present on the helicopter
board.

4. Results

First of all, the spectra of cosmic radiation and the Mi-17 heli-
copter background spectra up to 3 MeV were calculated from the
spectra acquired over Zugersee water area based on both mathe-
matical approaches described above. Fig. 4 shows the cosmic
gamma-ray contribution S, calculated from the spectra acquired
over Zugersee by both NN-WLSQ and PCA methods. Cosmic
gamma-ray contributions S¢ were calculated from three altitude
datasets as well as two altitude datasets over Zugersee. The results
from PCA method are also included. Note that this dataset is not
optimal for use of PCA method because majority of spectra were
recorded in only three different altitude levels. The Mi-17 heli-
copter background spectra calculated for the same datasets and by
two methods (NN-WLSQ and PCA) are shown in Fig. 5. As seen from
figures, the spectra calculated are nearly identical.
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Table 1
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Basic geographical data of the background measurements in France, Switzerland and Czech Republic.

Location GPS position Water (ground) level above sea level Avgr. altitudes above sea level Measuring time per altitude
France 43.2060N, 4.8972E Mediterranean Sea (sea) 100 up to 700 m 300s
(Mi-171 ID 9904)
Switzerland 47.1504803N, 8.4833119E 417 m (water level); Zugersee (Lake Zug) 507,597,717, 1017, 1617, 2217 and 2817 m 300 s
(Mi-17 ID 0834)
CZ-Vysocina 49.430764N, 16.055372E  approx. 600 m (ground) 2059 m 240 s
Mi-17 ID 0839) 49.432796N, 15.899040E 2490 m
49.449088N, 15.773195E 3023 m
CZ-Brdy 49.597313N, 13.606682E  approx. 450—500 m (ground) 2215 m 300s
(Mi-17 ID 0839)  49.581171N, 13.420710E 2607 m
49.564342N, 13.183049E 3167 m
CZ — Vlasim 49.727143N, 14.880114E  approx. 350—500 m (ground) 2480 m 300s
(Bell-412HP) 2782 m
3410 m
CZ — Vlasim 49.727143N, 14.880114E  approx. 350—500 m (ground) 2177 m 300s
(Bell 412HP) 3092 m
007 4 & —a) NN-WLSQ, 3 altitudes (1200, 1800, 2400 m) 0050 T T T T T T T T T T T T T 7T a) Brdy, CZ, 2018
a b) NN-WLSQ, 2 altitudes (1200, 1800 m)
A = = ¢) NN-WLSQ, 2 altitudes (1800, 2400 m) 0040 —b) Vysotina, €Z, 2018
t d) NN-WLSQ, 2 altituteds (1200, 2400 m) o) Zugersee, CH, 2017
0.05 A s ---¢) PCA
I\ 0,030 4 d) Mediterranean Sea, FR, 2019
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Fig. 4. Cosmic gamma-ray contribution S. calculated by the algorithms from the
spectra acquired over Zugersee (2017) at different altitudes above water level.

The same procedures (only NN-WLSQ) were also applied to all
high altitude spectra of the different airborne projects in the Czech
Republic. Figs. 6 and 7 compare the results from the datasets
measured over the landscape in the Czech Republic and over water
areas. Also, the cosmic gamma-ray contribtion S; and the Mi-17
helicopter background spectrum calculated from the datasets
over the Mediterranean Sea are included. With the exception of the

8.0
1 ——a) NN-WLSQ, 3 altitudes (1200, 1800, 2400 m)
70 | 1 - - b) NN-WLSQ, 2 altitudes (1200, 1800 m)
1 - = ¢) NN-WLSQ, 2 altitudes (1800, 2400 m)
6.0 4 N L N R S SN SR YPTLS d) NN-WLSQ, 2 altitudes (1200, 2400 m)
---¢) PCA
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Fig. 5. Mi-17 background spectra calculated by the algorithms from the spectra ac-
quired over Zugersee (2017) at different altitudes above water level.
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Fig. 6. Comparison of cosmic gamma-ray contributions S, calculated by the algorithm
(NN-WLSQ, 3 altitudes) from the spectra acquired at different locations: a) Brdy, Czech
Republic, 2018; b) Vysocina, Czech Republic, 2018; c) Zugersee, Switzerland, 2017; d)
France, Mediterranean Sea, 2019.

background helicopter spectrum measured over the Brdy hills,
2018, (see Discussion for more details) the helicopters’ spectra are
relatively close to each other. Fig. 8 compares the Mi-17 background
spectra calculated over Zugersee from three altitudes and Bell-

10.0 4
----- a) Brdy, CZ, 2018
9.0 4 .
—b) Vysolina, CZ, 2018
8.0 1 c) Zugersee, CH, 2017
7.0 4 d) Mediterranean Sea, FR, 2019
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Fig. 7. Comparison of Mi-17 background spectra calculated by the algorithm (NN-
WLSQ, 3 altitudes) from the spectra acquired at different locations: a) Brdy, Czech
Republic, 2018; b) Vysocina, Czech Republic, 2018; ¢) Zugersee, Switzerland, 2017; d)
France, Mediterranean Sea, 2019.
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Fig. 8. Comparison of a) Mi-17 and b) Bell 412 background gamma-ray spectra esti-
mated by the NN-WLSQ algorithm (Mi-17 - 3 altitudes, Zugersee; Bell 412 - 3 altitudes
Vlasim, Czech Republic).

\ -=-=a) Spectral terrestrial component at AGL = 1000 m (MCNP)
4 \ b) Spectral terrestrial component at AGL = 1500 m (MCNP)
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Fig. 9. Monte Carlo simulated terrestrial spectral component at altitudes of 1000 m
and 1500 m AGL (1500 m and 2000 m above sea level), (a), b)), compared to Mi-17
estimated background (c)), and to cosmic gamma-ray spectrum at 1500 m and 2000
m above sea level (d), e).

412HP helicopter background spectrum also calculated from two
and three altitudes (VIasim, 2020). This helicopter is somewhat
smaller compared to Mi-17 which is also seen in the spectral re-
sponses. Fig. 9 compares estimated Mi-17 background, cosmic
contribution for 1500 m and 2000 m above sea level with MCNP
simulated spectra at AGL 1000 m (1500 m above sea level) and AGL
1500 m (2000 m above sea level).

The aircraft background Cgpej; and the cosmic gamma-ray
contribution S from formula (1) in spectral windows *’Cs, 4°K,
214B; (U-series) and 2°3Tl (Th-series) were also estimated based on
the spectra calculated on the algorithm described above. The

Table 2
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results of the extended window method used mainly in geophysical
airborne surveys are shown in Table 2. The standard deviations are
calculated using parametric bootstrap (see section 2.2.7). For 21Bi
and 29871 the distribution of error is not symmetric hence classical
interpretation of +¢ is not suitable.

Finally, the air kerma (dose) rates as a contribution from the
helicopter background and cosmic gamma radiation in a range up
to 3 MeV were calculated. The air dose rate calculation was based
on the IRIS Nal(TI) detector calibration using the relative absorbed
energy [19]. The Mi-17 helicopter contribution to the air dose rate is
about 2.6 nGy h~! while Bell 412 helicopter contributes with
approximately 1.5 nGy h~! on the board. The cosmic gamma radi-
ation up to 3 MeV contributes from some 2.0 nGy h~' to 4.3 nGy h™!
depending upon the flight altitudes over the Czech Republic (from
200 m to 1800 m AGL).

5. Discussion

Although the estimated background and cosmic spectra are
smooth, it does necessarily mean that there is no uncertainty in the
estimates. The differences that are visible in Figs. 6 and 7 are partly
caused by uncertainty. Having limited flight hours, the background
measurements as well as the airborne survey have to be carried out
during the same flight. Limited time to collect all background
spectra that can be used for the estimation of the aircraft spectra
and the cosmic gamma-ray contribution is about 20 min. This
usually represents about 1200 spectra for three flight altitudes.
Such sample size is not high enough to obtain smooth estimates.
Because of high uncertainty of input data, the estimation with no
additional information could easily lead to estimates with false
peaks, with wrong shape or wrong position of the peaks. Using the
basis with primary components can be considered as providing
additional physically based information to obtain smoother esti-
mates with lower uncertainty. On the other side if the wrong basis
is used (e.g., the basis with wrong location of peaks) the methods
can lead to biased results. Moreover, the other variables can have
influence on the measured spectra (e.g., possible presence of radon
daughter products). However, the presence of radon decay product
was not evaluated during the flights, with only possible exception,
that is the survey over the Brdy hills.

The I-spline basis is good for fitting monotonic functions. There
is usually no need to estimate the aircraft background and the space
contribution for the low energy channels (less than 120 keV). If the
energy channels at the beginning are omitted, the secondary
component are considered as non-increasing. If there is a need for
estimates covering the interval of energy channels at the beginning,
the basis for primary components has to be extended with ele-
ments that can cover the possible shape of primary components in
this interval.

Both methods use the NN-WLSQ (4) to estimate the regression
parameters because the basis is constructed in a way that spectra

Stripping factors Sc and helicopter background CRg pel; (resp. estimates of their standard deviation) for extended window method. Values are calculated for Zugersee data (Mi-

17) and Vlasim data (Bell412).

Type Method CRg Heli

137Cs (618—705 keV) 40K (1370—1570 keV) 214Bj (1660—1860 keV) 208T] (2410—2810 keV)
Mi-17 NN-WLSQ 14.0 (0.41) 9.8 (0.33) 4.9 (0.22) 0.4 (0.17)
Bell412 NN-WLSQ 8.3 (0.48) 8.6 (0.43) 2.0 (0.28) 0.6 (0.17)
Type Method Se

137Cs (618—705 keV) 40K (1370—1570 keV) 214Bj(1660—1860 keV) 208T] (2410—2810 keV)
Mi-17 NN-WLSQ 0.0957 (0.0021) 0.0662 (0.0016) 0.0543 (0.0011) 0.0579 (0.0010)
Bell412 NN-WLSQ 0.0804 (0.0019) 0.0628 (0.0016) 0.0510 (0.0011) 0.0602 (0.0010)
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can be composed from only non-negative linear combination of
elements in the basis. If there is no access to tool with non-negative
least squares method or tool that can solve quadratic programming
problem with non-negativity constrains (non-negative least
squares problem is equivalent with a quadratic programming
problem, [20]), the least squares method can be used. It usually
leads to acceptable results.

Although the first method assumes that multiple spectra were
recorded at a constant altitude, the estimates are relatively robust
to cases when altitude slightly changes during the measurements
at one altitude level.

No ideal dataset (spectra recorded with gradually increasing
altitude) for PCA method is available to authors of the paper. Based
on authors’ communication with crew of aircraft the scenario for
this method could be often preferred. The method was applied to
data for only three altitudes. Even for this data, the results were not
far from results of NN-WLSQ method. Application of the method to
simulated datasets leads to consistent results.

The background determined over the Brdy hills may be one case
of the presence of radon daughter products during the measure-
ment and calculation of the background. Residuals (difference be-
tween spectra and “smoothed” spectra) also suggests presence of
other source of signal that was not fully explained by the basis with
primary and secondary components. The results for Brdy hills are
example of results that should not be further used. In such cases
further analysis of residuals could provide a clue of what is wrong.
Systematic patterns in residuals could be signs of the biased results
for a helicopter background or the cosmic contribution.

The uncertainty estimates are only approximate and are only
valid when there are no deviations from the theoretical models.
Assuming wrong location of a primary component can bias the
results (it usually overestimates). Note that in this case the heli-
copter background and cosmic gamma-ray contribution will be
biased and method should not be used.

6. Conclusion

Not always large water areas are available for the helicopter
background measurements. Similar experiments as in Switzerland
and France were carried out in the Czech Republic over landscape.
The background measurements in France over sea, Switzerland
over large water areas and in the Czech Republic over landscape
were compared. Based on the results presented in this paper we
can conclude that good results in determining the helicopter and
cosmic spectra were also obtained in the Czech Republic even if the
measurements were not carried out over a large water area, but at
the altitudes from 1500 to 2900 m (AGL). The mathematical
methods using NN-WLSQ method or PCA gave results of the heli-
copter background and cosmic gamma-ray spectrum that can be
used to elimination of helicopter background and cosmic contri-
bution to measured spectra. After the elimination, the variability of
results over the reference areas decreased and they were closer to
reference values measured on the ground (e.g. by HPGe detector).

Three flight levels for the application of the first method are
recommended. If the difference between two altitudes is at least
1000 m or more, only datasets at two flight levels can be used to
achieve good results. The acquisition time should be at least 5 min.
The longer the measuring time, the better results are achieved. Due
to uncertainties in the MCNP response functions for low energies, it
was recommended to use only energy range from 120 keV to 3 MeV
in all the calculations (both background and measured spectra).
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