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Abstract

Radionuclide **U is one of the most important radioactive elements that must be controlled in nu-
clear power engineering, geological exploration, control of radioactive contamination of soils and raw
materials used in construction. The most optimal way to control ***U is to use the ***"Pa radionuclide,
the activity of which, due to its short lifetime (= 1.2 min), is unambiguously related to the activity of >**U
even if the secular equilibrium is disturbed in the sample under study

Possibility of use of the **"Pa nuclide gamma radiation to determine >**U with a scintillation de-
tector in a medium containing natural radionuclides is investigated and demonstrated using the simplest
examples. The proposed algorithm for determining of the ***U content is based on the Monte Carlo simu-
lation of the detector response to the radiation of the 24mpy radionuclide at its 1001 keV energy line and
subsequent processing of the experimental spectrum, including the Wiener filtering of the signal. This
method makes it possible to determine the content of **U in a continuous homogeneous medium while
presence of natural radionuclides in it.

The algorithm for determining of 2**U content includes several main steps. Filtering based on the Wie-
ner algorithm allows selecting a slowly changing part of the spectrum. Results of Monte Carlo simula-
tions make it possible to determine the detection efficiency in a limited informative region of the spectrum,
which includes, along with the 1001 keV peak from the ***"Pa nuclide, which is a decay product of the ra-
dionuclide ***Th, and the peak of an interfering radionuclide from the decay chain of ***Th. This part of the
spectrum does not contain any other lines of gamma radiation from natural radionuclides — decay products
of both thorium and uranium chains. These two peaks in the spectral region under study can be separated
from each other in a medium with a typical concentration of >**Th.

Analysis of results of the activity of depleted uranium metal measuring in accordance with the propo-
sed algorithm shows the possibility of determining of ***U content with an uncertainty of 3—5 %.

Keywords: radionuclide »**™Pa, Monte-Carlo simulation, experimental spectrum processing algorithm,
depleted metallic uranium.
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B artomHOll sHepreTHKe, B reonoropasBejke, MPH KOHTPOJIE PaJUOAKTUBHOIO 3arps3HEHUS IMOYB U
ChIpbs, UCIIOJIL3YEMOT'O IPHU CTPOUTEIILCTBE, OAHUM H3 Ba)KHEHIITNX paaAnuOaKTUBHBIX 3JICMCHTOB, KOTOpI:-IfI
HEOOXOIMMO KOHTPOJIUPOBATH, SIBISICTCS 28U, HauGoree ONTHMANBHO ISt KOHTpOJIA 28U pemonp30Bark
pagmonykmna > ™Pa, aKTHBHOCTb KOTOPOTO M3-3a MAJOCTH BPEMEHH €ro KH3HH (= 1,2 MHH) OIHO3HAYHO
CBSI3aHA C aKTHBHOCTBIO > U JasKe TIPH YCIOBUH HAPYIIEHHS BEKOBOTO PABHOBECHS B HCCIIEAYEMOM 00pasiie.

HccnenoBaHna ¥ MpOAEMOHCTPUPOBAaHA HAa MPOCTEHIIMX MPUMEPAaX BO3MOXKHOCTH HCIIOJIB30BAHUS
raMMa-u3IydeHns HyKauga > "Pa ams ompenenenns - U ¢ MOMOIIBIO CHMHTHIUISIMOHHOTO IETEKTOPA
B cpejie, cojiepiKallieil eCTeCTBEHHbIE PaJUOHYKINBL. [IpeiokeHHBIH aJropuTM OIpeieNIeHusl cojieprKa-
Hust ~°U OCHOBaH Ha MOZENUPOBAHUM MeTooM MoHnTte-Kapio oTkiuka JeTekropa Ha U3JIydeHue
pammonykmmaa > Pa ma ero monommunk 1001 k5B ¥ mocmeayromeil 06paGoTKe IKCIEPHMEHTAIHHOTO
CrIieKTpa Tpubopa, BKIIOYAONIEH BHHEPOBCKYIO (DMIBTPAIMIO CUTHAjAa. DTOT CIOCOO TO3BOJSET OIpe-
JenuTh cofepkanue > U B CIIONIHOM OHOPOAHO CpeJie PH HANUYHH B Heil €CTeCTBEHHBIX PaIHOHYKITH/IOB.

AJNTOPUTM ONpENeNICHHsI COACPKAaHHUS PAJUOHYKINIA BKIIOUAET B CeOsl HECKOJIBKO OCHOBHBIX 3TAIlOB.
q)I/IJH)TpaLII/I}I Ha OCHOBC aJIroOpuT™Ma BHHepa TMO3BOJIACT BBIACTIUTD MCAJICHHO MEHATIOLIYIOCS YaCTh CIICKTpA.
Pesynbrarel MonTe-Kapio MopenupoBanus JarOT BOZMOKHOCTh OTPeNesnTh 3Q(HEKTUBHOCTD PETUCTPAIN
B OIPaHUYEHHOM MH()OPMATUBHOM YYaCTKE CIIEKTpa, BKIrodarouieM Hapsany ¢ nukoM 1001 k3B or Hykimmnzna
234Mpy  gpnsrOmErocs MPOAYKTOM paclajia PaiuoOHyKIHNIa 24Th, u Grmkaifumii K HEMY MK MELIAIOLIEro
PAHOHYK/IHAA U3 LEMOYKH pacrana > ~Th. DTOT y4aCTOK CIEKTPa 10 ONPEIENCHHIO He CONEPKUT HUKAKHX
JIPYTUX JIMHUM FaMMa-U3Iy4eHHsl OT €CTECTBEHHBIX PaJMOHYKIINIOB — IPOIYKTOB pacraia Kak TOPHEBOH,
TaK U YpaHOBBIX LCTIOYCK. YkazanHbie JiBa MMKa Ha UCCICAYCMOM YYaCTKE CIICKTpa MOTYT 6I)ITI) OTACIJICHBI
JIpYT OT Apyra B Cpejlie ¢ TUITMYHON KOHLEHTpauuei S4Th.

AHanus pe3ylbTaToB U3MEPEHNsl aKTHBHOCTH 00EIHEHHOI'O METAJUTMYECKOIO ypaHa B COOTBETCTBUU € IIPEA-
JIO’KEHHBIM AJTOPUTMOM ITOKa3bIBACT BO3MOKHOCTb ONPEIEICHHS COepKanms > U ¢ MOrpemHocThio 3—5 %.

Kiio4eBble ¢10Ba: pagioRykIng > "Pa, MoaenupoBanue mMetogoM Moute-Kapio, anroputm o6paboTki
9KCIIEPUMEHTAIILHOTO CIIEKTPa, 00eAHEHHBIN METANTMUECKUH ypaH.
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Introduction

In nuclear power engineering, in geological
exploration, in the control of radioactive contami-
nation of soils, one of the most important radioac-
tive elements, the concentration of which has to be
determined, is the isotope **U. A common method
for determining of the ***U content in such media
is the use of scintillation or germanium detectors
which measure the gamma activity of one or sev-
eral daughter nuclides in selected representative
samples [1-3]. The media to be investigated con-
tain radioactive nuclides of various origins. Soils
contain not only nuclides that are the decay pro-
duct of *U, but also nuclides that have got into
this soil area from other areas due to various trans-
fer processes. The fallout of radioactive dust and
the subsequent migration of radionuclides will also
disrupt any connection between these nuclides and
28U in the soil, although they are decay products
in its chain. The same inconsistency can occur in
ores and various other materials. Only one nuclide
234mpy will be uniquely associated with ***U con-
tained in the mentioned media, since its lifetime
is = 1.2 min, so the transfer processes can be ne-
glected [2].

The proposed technique can also be used for the
case when for the identification of a nuclide and the
determination of its content several gamma lines are
used. In this case the procedure described below is
applied independently for each such line.

Materials and methods

Relationship between *U and *™Pa activities

To determine of ***U amount in a medium at
234mpy it is first of all necessary to relate the amount
of uranium to the amount of ***™Pa. For this, it is
necessary to use the uranium decay scheme (Fi-
gure 1) [4].

From the diagram a system of equations describ-
ing the time evolution of nuclides of interest in this
problem can be used:

N,
dt
dN;
dr
dN

p
—2 N
dt TT

_kuNuQ
=Ny, —ArNp;

_KPNP’

where N;;, N;, Np—the number of uranium, thorium
and protactinium nuclei, respectively; A, A, A, are
decay constants.
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Figure 1 — Part of the ***U decay scheme

These equations are easily integrated by the
varying constants method and the solution for the re-
lationship between the number of protactinium and
uranium atoms is given by the equation:

(_)“u)t (—7\7)2‘
N, =y AyN, e e )=
P 7\’T - 7\’14 O\'P _}“u) (7\'[7 _lT)
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Taking into account that A, >> A, >> A, and
the lifetime of uranium is longer than the lifetime of
thorium, we have:

_ Mo
7\’ b

TM
—Np.
p

N, =

Np
p

It can be seen from the above relations that the
relationship between the number of atoms of two nu-
clides does not depend on the time and concentration
of other nuclides included in the 2**U decay chain,
regardless of their origin in the medium.

Before processing the experimental results, it is
necessary to simulate the measurement process and
determine the main parameter of this method: S,
it is the area under the Full Absorption Peak (FAP)
of the gamma-radiation line, normalized to the one
played gamma quantum. It should be noted that
this parameter does not relate to a specific activity;
it characterizes the average response to one played
photon. Calculating the same value for the experi-
ment, reduced to a unit of volume (mass) and time,
we obtain from their ratio the number of protactinium
atoms that underwent decay through a given channel
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per unit of time and per unit of volume (7). Taking
into account other decays, the total number of decayed
protactinium atoms per unit volume and per unit time
is N,=n/n, n is the fraction of gamma decays of prota-
ctintum with Ey =1.001 MeV. Further, the reduction
of the number of ***U atoms is carried out according
to the above formulas of the described decay kinetics.

For the algorithm to work correctly, it is neces-
sary that the same hardware functions that characte-
rize the Analog-to-Digital Converter of the equip-
ment are used in both the simulation and the pro-
cessing of the experiment. In our case, these are: the
channel — energy dependence and the dependence
of the line width on the energy of the registered
gamma radiation.

Monte Carlo simulation

The purpose of the first stage of the proposed
algorithm is to simulate the process of measuring
and calculating the amplitude distribution of pulses
of each radionuclide using the Monte Carlo method
and determining S, [5].

The developed model of the detecting devi-
ce (DD) used in the experiment in the measurement
geometry of metallic uranium at a distance of 10 cm
from the DD surface opposite the geometric center
of the scintillation crystal is shown in Figure 2.

,_.
a3
3

5

e

Figure 2 — The detecting device and source (metallic
2381)) used in Monte Carlo simulations: 1 — case of the de-
tection device; 2 — probe; 3 — Nal(Tl) scintillation crystal;
4 — MgO reflector; 5 — source — metal >**U (1/4 cylindrical
column)

In Monte Carlo simulations, it is possible to
take into account the energy dependence of the line
width on the energy of the recorded radiation of a
real spectrometer. To account for this dependence on
energy £, the MCNP program uses a special formula
for the energy dependence of the full line width at
half maximum (fwhm):

whm E)=a+bJE+c*E"2, (1
menp

where the coefficients a, b, ¢ should be determined
from the experimental data for a given detector by ap-
proximating them using formula (1). The coefficients
{a, b, c} = {-0.00819936, 0.0704576, -0.0154056}
obtained as a result of approximating the experi-
mental data for the Nal(Tl) detector with dimensions
063 %160 mm. This fwhm were used to calculate the
pulses height spectrum in the MCNP program.

The DD model was verified by comparing the
theoretical and experimental spectra from a coin
source with '*’Cs with known activity, placed at a
distance of 10 cm from the lateral surface. The diffe-
rence in the heights of the FAP line of gamma radia-
tion with an energy of 0.662 MeV did not exceed 3 %.

As indicated earlier, the most representative
28U radionuclide is 2**™Pa, and its preferred gam-
ma-emitting line in terms of quantum efficiency is
1.001 MeV. Figure 3 shows the simulated pulses
height spectrum of metallic 2**U (main picture).
The result of Monte Carlo simulation of only >**"Pa
gamma radiation with an energy of 1.001 MeV
and its Math-background (envelope of the slowly
changing part of FAPs calculated by second-order
polynomials [4]) are shown in small picture.
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Figure 3 — The simulated pulses height spectra of me-
tallic **U (main picture) and the result of Monte Carlo
simulation of gamma radiation with energy of 1.001 MeV
with its Math-background (insert)

It is find the difference between the model
spectrum smoothed by the Wiener filter [5] and its
Math-background in the energy region from 0.85 to
1.05 MeV. The resulting value is approximated by a
Gaussian distribution and the area under this curve
(Soy) 1s found, which in MCNP is automatically
normalized to the total number of played stories. For
the model of this experiment, S, = 0.00001773.
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The Wiener filter is the optimal filter for the for-
mation of the output signal z(¢) from the input signal
x(¢) with the known form of the useful signal s(¢),
which is contained in the input signal in the amount
of noise. As a criterion for its optimization, the
standard deviation of the signal y(¢) at the filter out-
put from the given waveform z(¢) is used. In this
case, such a signal was the sum of a slowly changing
background and Gaussian peaks [6, 7].

Algorithm for determining the content of radionu-
clide in the object of measurement

Experimental spectrum processing primarily in-
cludes background spectrum subtraction, Wiener filte-
ring, Math-background determination and subtraction.
The processing block diagram is shown in Figure 4.

To understand the operation of the algorithm,
an experiment was carried out in which a portable
scintillation spectrometer was used, the Monte Carlo
model of which is presented above.

input an experimental spectrum,
subtraction of experimental background,

time and wolume normalization

-

Wiener filtration

.

defining the Math-background

yes w e

Mazh-
background

FPaini-
background

' !

subtraction after Wiener filtration the

resulting back ground in the energy range

(DSp™W)

|

¥

detertnination of the maximum peak in
the energy range, its position (pos) and
amplitude (amp)

ves

EE=pOS, A=Atnp BESROS, ATAatp
ind=1 ind=0

; |

selection of the left energy range (ind=1)
otherwise the right one.
Faussian fitting of the difference and
determination the areas under the fitting

results

I

DEpW minus previous Gaussian fitting,
pos, amp, second Gaussian fitting of the
difference and determination of the ateas

under the fitting results

!

determination of the Fa-234 and T7-238

atom concentration

Figure 4 — Block diagram of the algorithm: LM — position of the left minimum of Math-background; LW — left border
of the window; RW — right. DSpW is normalized spectrum minus Math-background in the energy range. Point-back-
ground is a smooth curve passing through the minima of the spectrum transformed by Wiener filtering

Experimental research

To test the proposed algorithm, an experiment
was carried out using a DD based on a Nal(TI) scin-
tillation crystal with dimensions of @63 x 160 mm
and a small volumetric cylindrical source of metal-
lic #**U (depleted metallic uranium) located at a dis-
tance of 10 cm (Figure 5).

The source with a density of 19.8 g/cm’
consists of: 0.0023 % of U with an activity
of 10894 Bg/sample; 0.4054 % of *°U  with
667 Bg/sample and 99.5923 % of **U  with
25485 Bg/sample. Figure 6 shows the experi-
mental Gross spectrum measured over a time of
7200 s in the measurement geometry according
to Figure 5, the background spectrum BKG and
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the difference between the experimental and back-
ground spectrum — the experimental pulses height
spectrum Net.

Figure 5 — Geometry of experiment with depleted metal-
lic uranium source: 1 — the detection device; 2 — depleted
metallic uranium source

Experimental spectra

100000 -
—— Gross spectrum

10000 | ——BKG spectrum

Net spectrum
1000 ¢

Responce, count
-
(=]
(=]

—
(=]
T

I
3000

—

1000 1500 2000 2500

Energy, keV

500
Figure 6 — The experimental spectra

The experimental pulses height spectrum Net
was obtained by channel-by-channel subtraction of
the background spectrum from the experimental one,
measured when the source was located opposite to
the annular mark applied to the lateral surface of the
DD, which corresponds to the geometric center of
the Nal(TI) crystal.

Approbation of the algorithm
on the example of the experimental
spectrum of metallic 238y

Approbation of the algorithm is presented using
the example of processing the experimental Gross
spectrum. The step of subtracting the background
spectrum is excluded from the algorithm due to its
insignificant contribution to the result of calculating
the activity in this case. According to the algorithm,
the experimental Gross spectrum was transformed
into the pulses height spectrum using filtering
according to the Wiener algorithm.

The most important step in this algorithm is the
definition and subtraction of Math-background. The
algorithm provides two variants:

1. Using an algorithm from the Wolfram Math-
ematica [8]. In the work we use the “Estimated-
Background” function without a parameter from
“Mathematics”, which allows to build a smoothly
varying function passing through the minimums
of the spectrum (see Figure 7).

2. Draw a curve passing through the background
minima, determined by the algorithm from the Wol-
fram Mathematica. Often the minima of this back-
ground are located farther in energy than the gam-
ma-radiation line of interest, and then the first option
is used.

It is shown in Figure 7 the pulses height spec-
trum after Wiener filter and Math-background ac-
cording to the algorithm from the Wolfram Ma-
thematica. Since the left minimum of this back-
ground lies to the right of the line (1.001 MeV),
the first variant is chosen.

400+
300 r-
R -~
© 200-
& I
L 2
100~
|
o
Bhes woq o ge goipuneges) o BT gty et T e g gy
0.0 0.5 1.0 15 20 25 3.0
Energy, MeV

Figure 7 — Transformed pulses height spectrum according
to the Wiener algorithm (1) and Math-background (2) (the
first variant of the estimation)

Further consideration will be carried out only
in the energy region from 0.85 to 1.05 MeV where
is situated the protactinium’s FAP with energy
E=1.001 MeV. The region is not quite symmetrical
about this line (1.001 MeV), the center of the window
is shifted to the left. The **Pa peak on a spectrum
is shifted to the left due to the presence of Compton
scattering of gamma quantum from high-energy pho-
tons. In the analysis, the initial region is split by the
midpoint into two windows, left and right one. If the
main maximum of the region is in the left window,
it means that the 2**Th peak is prevails. The Gaus-
sian approximation of this peak is carried out, the
difference between the experimental spectrum and
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the obtained approximation in the full region is deter-
mined. Then the contribution of Pa and its peak and
the Gaussian approximation of the latter are found by
the points of this difference. This approach allows
you to separate these peaks, even if they overlap sig-
nificantly. If the main maximum in the full window
is in the left part of the window, processing is start-
ing from the right part, and then the mentioned nu-
clides are swapped. Now Gaussian fitting of the pro-
tactinium peak is performed, subtraction of the fitting
result from the experimental spectrum and approxi-
mation of the Gaussian difference for the ***Th peak.

The result of this processing is illustrated in Fi-
gure 8. In this case, the main maximum is in the right
half of the energy window and corresponds to the
contribution of 2**"Pa (the Gaussian approximation
of this peak is curve 1), in the left half of the win-
dow is the thorium peak, curve 2 obtained after ap-
proximating the difference between the experimental
curve and the curves 1.

250 ¢

50

C—
0.85

PR
0.95
Energy, MeV

PR ISP}
1.00 1.05

; 0.9-(.)"
Figure 8 — Counting in the energy window of the useful
signal minus background (points), curve 1 is Gaussian ap-
proximation of 2**™Pa peak, curve 2 is Gaussian approxi-
mation of ***Th peak

Next, the area under the Gaussian approxima-
tion of »**Pa with an energy of 1.001 MeV (Syy)
is determined. Then the ratio S,,/S,, determines
the number of ***™Pa nuclei decayed in a source
of volume V' during the experiment time .

Reduced to a unit of time and volume, the num-
ber of decayed ***"Pa atoms is given by the equation:

BTN

where V is the volume of the source, cm’; 7 is the
experiment time, s; # is the number of 234mpy atoms
decaying in one second in one cubic centimeter

and emitting a gamma quantum with an energy
of 1.001 MeV.

Then we have the following equations for the
total decay rate of ***™Pa and the number of protac-
tinium atoms:

Ny =n/(Myh,)=nTH ), /(n2%ny),

where 1, = 0.0084 is the probability of the branch
of the gamma decay of 2**™Pa in the decay of ***Pa;
N,, is the number of ***Pa atoms in 1 cm’.

Knowing this number makes it possible to de-
termine the number of **U atoms by the formula
following from consideration of the kinetics of the
decay chain of this nucleus, up to and including the
decay of the ?**Pa nucleus. With sufficient preci-
sion:

where Ny, is the number of U atoms in 1 cm®; 7,5 ,

7™ are the half-lives of U and Pa, respectively.
Applied to the above experiment, the final pro-
cessing is as follows.
The number of protactinium gamma quanta
emitted from 1 g of uranium per 1 s was determined
(t,,=7200 s, my=2.0563 g).

mPa _ ﬁ 1

! SOy teme
where 7P =12x60s (half-life of **"Pa);
nf{"Pa =0.84 % is the fraction of **"Pa decays along

the gamma channel.

Then, as follows from the solution of the equa-
tions of kinetics of ***U decay, the number of U
atoms in 1 g of metal is equal to:

238 P P 6]
nU=" =n, a/(Tl/z a)T]/Z .

The metal is practically pure ***U, therefore,
to estimate the accuracy, we calculate the num-
ber of uranium atoms in 1 g-atom of the metal, for
this the value obtained above must be multiplied by
238 (as result we have 5.73x10%) and compared
with the Avogadro number (6.022% 10%). The accu-
racy of the match is 4.8 %.

The activity of this uranium sample, reduced to
1 g, is easily estimated by the formula:

And in this case it was 11924 Bq/g, the devia-
tion of the method in relation to the measured value
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(25500 Bq per sample weighing 2.0563 g) was
3.84 %.

Uncertainty of describing method

The accuracy of the method is determined by the
error in calculating the ratio S, /S,,. It is clear that
the error S, is determined by the specified statisti-
cal error in the Monte Carlo simulation and, accor-
dingly, the relative error in this case is expressed as
l/Np” 2 where N, is the number of events recorded in
the FAP region £=1.001 MeV.

The relative error of S, can be represented as
follows (N, + N'"* )/ (Nogepy—N,y),  where
Nyip 1s the number of pulses in the FAP region
E=1.001 MeV of the experimental spectrum
without subtraction of background pulses; N, is the
number of pulses in the same energy range of the
background spectrum.

The relative error of the ratio Sy, /S, is then
given by the sum of the above errors and is deter-
mined by the expression:

\INex+ph +\1Nph +\/@
I

Nex+ph_Nph P

Further actions with the value Sy, /S, for deter-
mining the amount of ***U are associated only with
the use of constants, which are known values and,
therefore, do not affect the accuracy.

Conclusion

The paper considers a simple and reliable met-
hod for determination of **U which can be applied
for the case when uranium is in various media. The
method is based on measuring of a scintillation detec-
tor response to the 2**™Pa (1.001 MeV) gamma line.

An algorithm for processing and the necessary
Monte Carlo simulation are proposed which makes it

possible to determine the ***U content in a medium
or sample from experimental data. The operation of
the algorithm is illustrated by the experiment exam-
ple with a piece of metallic uranium. It is shown that
the determination accuracy of the 2**U content in this
case is 3-5 %.
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