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AN EXTERNAL BEAM TECHNIQUE OF PIXE FOR URANIUM
DETERMINATION IN ENVIRONMENTAL OBJECTS
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The possibilities of the determination of the content of uranium in materials of the nuclear fuel cycle and
environmental objects using the nuclear-physical methods of analysis based on registration of characteristic X-rays
excited by protons (PIXE) are considered. It is shown that the introduction to X-ray emission spectrometer the
element with a wave dispersion — a pyrocarbon filter, using Bragg-Wulf reflection from the planes of the crystal
lattice, makes it possible to reduce the detection limit of uranium in the presence of interfering impurities to a value
of 0.0005 mas.%. The proposed approach can be used to determine Th, Pu, and other actinides.

INTRODUCTION

The development of high-tech industries, and the
associated with it the increase in the influence of
anthropogenic factors, require the introduction and
improvement of systems for controlling the
accumulation and the spread of substances that may
affect adversely to the state of the environment and
human health. These concerns, to a large extent, of the
nuclear power industry, whose contribution to the
overall balance of electricity production in recent years
has reached more than 50 percent. The operation of
nuclear power plants (NPPs) requires of the
organization of the monitoring of the contents, in the
plant rooms and in the adjacent territories, of a group of
elements, which are formed as a result of the splitting of
the nuclei of uranium atoms and uranium itself, as the
main element of the nuclear fuel cycle. In addition, the
uranium content in the production wastes at various
stages of uranium ore mining and processing,
production, operation and recycling of spent fuel
elements is subject to control.

Taking into account the peculiarities of the
technological processes involved in the nuclear fuel
cycle, it is necessary to determine the content of
uranium in atmospheric air, water, bottom sediments,
soils, dumps of mining and processing plants, etc. The
range of uranium concentrations in samples can vary
from thousandths to tens of mass percent. The content
of the main components also varies in wide ranges.

Therefore, to determine the uranium content, it is
advisable to use a universal method that does not
require of the complex sample preparation, can be
automated for experimental measurements and the
processing of the data obtained. It is also preferable to
use a method that allows, if necessary, to use an external
standard method or a method of fundamental parameters
for calculating of the uranium concentration, to evaluate
the influence on the determination of uranium of other
elements present in the sample substance and does not
require the use of a large amount of substance. In
addition, the analysis should not lead to the destruction
of the sample, the accumulation of radioactive or
chemically dangerous elements. The analysis procedure
should have the tools to optimize the determination of
uranium in the presence of elements, that create the
difficulties to allocate the analytical signal, and the
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analysis itself, if necessary, can be performed in
atmospheric air, outside of special vacuum chambers.

It is proposed, taking into account this set of
requirements for the analysis, to use the modifications
of PIXE for the determination of uranium content. This
method is based on the registration of characteristic X-
rays excited by a beam of heavy accelerated ions,
generated by electrostatic accelerators [1]. It can be
used:

—with the placement of the irradiated object in a
vacuum chamber;

— with the “external” ion beam — irradiation of the
samples into the atmosphere;

— with registration characteristic X-rays directly by
Si(Li) or Si-pin semiconductor detectors;

—with registration characteristic X-rays after their
passing through an element with wave dispersion.

The aim of the work is the development and
implementation of method for determining the uranium
content at the level of 0.0005..0.75 mas.% in the
samples, that characterize the operation of enterprises of
nuclear fuel cycle, to ensure control over its localization
at the stages of extraction, processing, operation,
utilization and long-term storage of spent fuel.

EXPERIMENTAL MEASUREMENTS

All experimental measurements were made on
analytical nuclear-physical complex “Sokol” NSC
KIPT [2].

DETERMINATION OF CONTENT OF URANIUM
USING ROUTINE PIXE

Determination of the elemental content of the
substance, using the routine PIXE, is based on the
registration of protons induced X-ray emission of
sample by the energy dispersive detector with a crystal
from silicon or germanium. Mostly the irradiation of
target is carried out in vacuum.

In order to evaluate the features of the routine PIXE
analysis to determine the content of uranium in nuclear
fuel cycle samples, experimental measurements of the
X-ray spectra were carried out for a series of objects
containing uranium at the level of 0.03...0.13 wt.%. The
substances of the samples were the product of the
processing of uranium ore.

The targets were made from these samples as
compressed tablets weighing 100...200 mg, of 9 mm in



diameter and 2 mm thickness. For studying of elemental
content the targets were placed in vacuum chamber and
irradiated by a protons beam with an energy of
1000..1500 keV and a current of 100..500 nA. | was
found that the optimal conditions of analysis are
achieved at a proton energy of 1400 keV and beam
current of 200 nA. The time of measurement of one
spectrum was 500 s.

Table shows the elemental content of the samples
under study, which was determined, using the routine
PIXE and PIGE (proton induced y-emission from
nuclear reaction)

The content of Na, Li, O, Mg, Al, F was determined
by the PIGE based on the detection of y-radiation from
nuclear reactions of the type (p, v), (p. p), (p, ay)
excited by protons on the nuclei of atoms of isotopes of
these elements.

The content of the remaining elements was
determined by the routine PIXE. To determine the
content of elements from Si to Zr, characteristic X-rays
of K-series, and for determination content of Pb and U —
characteristic X-rays of L-series was used.

The elemental content of the studied samples is
typical for products of processing of uranium ore and
corresponds to the expected content of samples used for
environmental monitoring of objects of the fuel and
energy cycle.

From the elements, which were determined in the
studying samples, the closest values towards the energy
of the analytical line L,;-series U 13.62 keV have the
line of Kg.-series of Rb-13.39keV, and Sr-

14.16 keV. The energy resolution of the Si-pin detector
is 150 eV and allows you to confidently separate the
peaks from these three elements, but characteristic
X-rays emission from Rb and Sr makes a significant
contribution to the background, under the peak of
uranium, which leads to a deterioration of the conditions
for its determination in a similar matrix.

Quantitatively, these conditions are characterized by
an estimate of the limit of determination (LD) — the
minimum possible concentration of the element under
study in a particular matrix, which can be reliably
determined by the chosen method of analysis. The limit
of determination is a semi-quantitative characteristic of
the method, allowing to evaluate its sensitivity relative
to the determination of the content of the element.
According to statistical standards, the commonly used
characteristic of the reliability of analysis results is the
3o criterion, and the limit of determination is calculated
using the formula (1)

C
LD=—:3.0, @
N
where C — is the content of the element being

determined in the reference sample; N — is the sum of
the pulses at the peak of the analytical line of the
element being determined in the reference sample; ¢ —is
the standard deviation of the background level for the
peak of the analytical line of the element being
determined, which is estimated by approximating the
background level to the left and right of the peak.

The elemental content of the studied samples of uranium, mas. %

Ele No 1 No 2 No 3 No 4 No 5
Si | 34722087 31.9120.75 34.0500.81 44.4320.93 34.9710.67
Na | 8394001 6.8220.03 7.0840.07 9.67+0.06 0.2120.01
Li [0.0010£0.0002|  0.0011£0.0002 0.0014%0.0001 0.00210.0001 -
0 | 3458447 42.98:391 28.64+10.46 16.75£1.67 44.065.00
Mg | 0.7220.04 0.54+0.14 0.7740.32 0.5340.17 0.0440.02
Al | 6.69£037 5.0840.23 8.2120.10 9.8140.12 1.2440.09
F | 0.046£0.002 0.036£0.002 0.052£0.005 0.056£0.001 0.010£0.000
Ca | 4.92:047 5.20£0.51 10.09+0.95 6.1240.74 14.68+0.65
Sc - 0.39+0.49 0.1640.57 0.50£0.76 0.5240.39
Ti 1334013 1.0620.12 1.2340.14 13120.18 1.4540.11
V| 023004 0.14%0.03 0.1320.04 0.20+0.05 0.2840.03
Cr | 0.0620.01 0.0520.01 0.0420.01 0.0420.01 0.03£0.00
Mn | 0.870.02 0.6240.02 0.66+0.02 0.780.02 0.3720.01
Fe | 7.0720.02 5.2540.02 6.68+0.02 8.800.02 1.9740.01
Ni | 0.056£0.003 0.03820.002 0.007£0.001 0.52520.050 0.002£0.001
Cu | 0.06220.003 0.039£0.002 0.004£0.001 0.020£0.002 0.003£0.001
Zn | 0.073£0.003 0.047£0.002 0.015£0.002 0.032+0.002 0.00120.001
As = = . 0.003£0.000 0.002£0.001
Rb 0.0102 0.006 0.0078 0.0064 0.0005
Sr | 0.07620.008 0.15120.008 0.1320.004 0.147+0.002 0.020£0.001
Y = 0.004-0.006 0.026£0.002 0.014%0.003 0.0110.002
Zr | 0.09220.006 0.135£0.008 0.125£0.006 0.13620.003 0.105£0.002
Pb | 0.015%0.005 0.0090.002 0.00820.000 0.017=0.000 0.0010.000
U | 0.10720.007 0.060-0.006 0.0900.007 0.126£0.002 0.026£0.001




The values of ¢ and N are calculated directly during
the processing of the spectrum, and, as can be seen from
formula (1), the detection limit is the smaller, the
smaller the value of ¢ and more N. To reduce the limit
of determination, you must either increase N, which
leads to an increase in the charge of protons on the
target and entails an increase in the current or time of
measurement of the spectrum, or reduce the value of o,
which requires modification of the spectrum of
characteristic X-rays so as to reduce the background
level to the left and right side of the peak.

Accordantly to calculations, LD of uranium is
0.0027 mas.% for the protons energy 1400 keV, the
beam current 200 nA and the charge accumulated on the
target 600 uC. The reducing this value several times, to
the level of 0.0005 mas.%, which as it is estimated to be
enough to monitor the uranium content in
environmental objects, requires a qualitatively new
approach aimed at a significant improvement in the
signal-to-background ratio for the analytical line of
uranium. This can be achieved by reducing the
background in the energy range of quanta 13...15 keV,
while maintaining the intensity of the radiation of X-ray
of L-series of U.

In order to achieve a similar effect, it is necessary to
introduce into the spectrometric scheme of registration
of radiation an element with dispersion relative to the
wavelength of quantum — the X-ray Filter based on
Pyrolytic Graphite (PGF), which in the X-ray optical
scheme performs the function of a crystal-
monochromator using the Bragg X-ray reflection from
the planes of the crystal lattice [3]. Previously, this
approach was used by the authors to optimize the
determination of iron and hafnium in zirconium [3, 4].

EXPERIMENTAL MEASUREMENTS
ON AN EXTERNAL PROTONS BEAM WITH
APYROLYTIC GRAPHITE FILTER

For selective transmission of X-ray radiation from
the objects under study, the detector used PGF in the
form of a cylindrical assembly of plane-parallel pyro-
Iytic carbon plates 3x1x36 mm in sizes. These plates
were cut along the plane of the reflecting surface with
the (002) orientation, with a mosaic pattern of 0.5 A and
a lattice constant of 6.619 A. The central part of the
filter is covered with a thick foil, which prevents ra-
diation from entering the detector directly from the tar-
get. At the same time, the filter focuses the X-rays, ref-
lected from the crystal plates at a certain angle, by va-
rying which a significant decrease in the background va-
lue takes place at the location of the analytical line L;-
series of U. Schematically the filter is shown in Fig. 1
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Fig. 1. Schematic representation of the X-ray filter from
pyrolytic graphite

PGF should be located between the detector and the
target at a distance of a few centimeters, varying
depending on the energy of the line for which the
measurement conditions are optimized. The great filter
dimensions and the need to change the detector-PGF
and PGF-target distances with high accuracy make it
impossible to perform the analysis in a vacuum
chamber. Therefore an accelerator channel with an
“external beam” was used, in which the beam was went
out into the atmosphere through a window from
aluminum foil of 7 um thick

In Fig. 2 a scheme shows for measuring the spectra
of X-rays emission induced by external protons beam

with spectrometer including PGF.

Fig. 2. Scheme of the experimental setup with PGF
in the spectrometric channel:
1 — distribution magnet; 2 — ion conduit; 3 — window of
the output of protons beam into the atmosphere;
4 —target; 5 — device for the movement of targets;
6 — PGF; 7 — Si-pin X-ray detector

The detector and the PGF were located on the
platform, which provided the possibility of their
movement at a given distance with an accuracy of 1 mm
relative to the target and relative to each other. The
platform also allows to displace detector and filter in the
transverse direction so that the axis of the filter was
coincided with the direction of the target-detector

RESULTS AND DISCUSSION

Some samples with known uranium content were
made on the basis of a reference soil specimens, and the
series of measurements were carried out, using these
samples, to identify the optimal conditions for the
determination of uranium in soil at a level from 0.0005
to 0.5 mas.%. The uranium content in the samples under
study was 0.96, 0.41, 0.038, and 0.0055 mas.%. In the
studying samples the substance of the reference soil
sample was about 94...95 mas.% and about 5...6 mas.%
accounted for powdered carbon, which was introduced
to improve the electrical conductivity of target under
proton beam. Three samples were made for each value
of uranium concentration. Two series of studies were
carried out for these samples: the first — using the
traditional PIXE with energy dispersive detector, and
the second — using on the external beam with wave
dispersive scheme for X-ray spectrometer (PIXE +
PGF).

During the measurements using the traditional PIXE,
the targets were placed in vacuum chamber and
irradiated by the protons beam with energy 1400 keV
and current of 600 nA. The charge of protons on the
target was varied from 100 to 1000 pC, depending on



the uranium content in the sample. The purpose of the
study was to check the quality of the fabrication of
reference samples for uranium content and to study the
dependence of the radiation intensity from uranium
content for characteristic X-ray analytical line. 12
reference samples were examined for each from them 5
parallel measurements of the spectra of characteristic X-
ray emission were performed. The results of the
determination the sum of the pulses at the peak of the
analytical line were averaged for each of samples with
different values of content of uranium, the data obtained
were normalized to a charge of 100 uC. Fig. 3 shows the
dependence of the number of pulses on the uranium
content in the reference samples.
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Fig. 3. Dependence of the sum of pulses at the peak of
the L 1-series U on the content of U in the reference
samples
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The error of measurement results is the average
deviation for a series of 15 measurements for three
samples of 5 spectra of characteristic X-ray emission for
each. This error simultaneously takes into account the
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systematic errors associated with the operation of the
accelerator, the spectrometric tract, the current beam
integrator and the errors associated with the production
of reference samples. In particular, errors of the
weighting and the possible inhomogeneity of the
substance of the reference samples, which could have
occurred when small amounts of uranium were
introduced and mixed in substantially large volumes of
the base material. As can be seen from Fig. 3 data, the
dependence is linear within the experimental errors.
This testifies to the high quality of manufacturing of
reference samples, the stability of the accelerator and
spectrometer, as well as the possibility of calculating the
uranium content in the samples under study by the
external reference method in a range of concentrations
that differ by 2-3 orders of magnitude.

The reference sample with 0.96 mas.% of content of
uranium was used to optimize the X-ray registered
scheme during the using of PIXE with PGF on the
external protons beam. Experimentally it was found,
that the best signal-to-background ratio for the
analytical line of L,;-series of U is achieved at the
target-PGF and target-detector distances of 132 and
66 mm respectively. For these geometrical conditions a
serie of measurements of spectra of characteristic X-ray
emission for reference samples was performed. These
samples have content of uranium in the range of
0.0055...0.96 mas.%. The initial proton energy was
1600 keV. On the target, taking into account the loss of
protons energy in the foil of the output window of the
beam into the atmosphere and in layer of atmospheric
air of 5 mm thickness, the protons had an energy about
1400 keV. The protons beam current on the target was
400 nA, the charge accumulated on the target during
measurement of spectrum was varied from 500 to
3000 uC, depending on the uranium content.
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Fig. 4. The X-ray spectra of the reference sample with different schemes of registration of emission.
Content of uranium — 0.038%, energy of protons on a target — 1400 keV;
a — Traditional PIXE, b — PIXE+PGF
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Fig. 4 shows the spectra of characteristic X-ray
emission of reference sample with an uranium content
of 0.038 mas.%, which was obtained using traditional
PIXE with registration of radiation from a target directly
with a Si-pin detector — Fig. 4,a, and the spectrum of
characteristic X-ray emission of the same sample
modified with the help of PGF using the PIXE+PGF
method on the external beam — Fig. 4,b.

As can be seen from the spectrum fragments shown
in the Fig. 4, in the range close to the energy of the
analytical line of L;-series of uranium, the use of PGF
leads to the significant decrease in the background level
and standard deviation of background intensity.
Accordingly, the determination limit calculated by
formula (1) decreases.

So the use of PGF leads to the almost complete
suppression of the peaks of emission of the L-series of
Pb and K,-series of Sr, which impede the approximation
of the background, and also significantly reduce the
intensity of the characteristic X-ray emission the K-
series of Rb, which, on the one hand, complicates the
calculation of the background, and, on the other hand,
hinders the reliable assessment of the sum of pulses for
the peak of the analytical line of uranium — Fig. 4,a.

The limit of determination of uranium, calculated for
measured spectra, fragments of which are shown in
Fig. 4, is 0.0027 mas.% — for the traditional PIXE with
an energy dispersive X-ray detection scheme (see Fig.
4,a) and — 0.0004 mas.% — for the PIXE+PGF using
wave dispersion of X-ray in the X-ray detection scheme
(see Fig. 4,b).

CONCLUSION

A method has been developed for the determination
of low concentrations of uranium in environmental
objects and objects, characterizing the different stages

of the extraction, processing and storage of uranium ore,
the production, the use and disposal of uranium-
containing products. The studies have shown that the
proposed method for determining uranium in objects of
the nuclear fuel cycle allows making its monitoring in
soils, tailings dumps, bottom sediments, etc. at a level
from 0.0005 to 0.75 mas.%. The limit of determination
of uranium is significantly reduced when using an X-ray
filter made from pyrolytic graphite with adjustable,
relative to the quanta energy, the X-ray transmission
band. The proposed method can be modified to
determine thorium, plutonium and other elements of the
uranium group at a level of 0.0005 mas.% and above.
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XPHU HA BBIITYINEHHOM ITYUKE JUISL OITPEAEJTEHUSI COAEP’KAHUS YPAHA
B OBBEKTAX OKPY/KAIOIEHU CPE/IbI

B.B. Ky3vmenxo, B.B. Jleseney, A.Il1. Omenvnux, H.J1. Ponuk, A.A. Hlyp

PaccMoTpeHBI BO3MOXKHOCTH ONPENEICHUS CONEPXKAHMUS YpaHAa B MaTepHaiax sACPHOrO TOIUTMBHOTO HHUKIA U
00BEKTaX OKPY)KAIOIICH CPEbl C UCTIONB30BAaHUEM SIIEPHO-(PH3HYSCKIX METOJIOB aHAJIH3a Ha OCHOBE PETHUCTPAINH
XapaKTepUCTUIECKOTO PEHTTEHOBCKOTO M3Iy4eHus, Bo30yxnaemoro nporoHamu (PIXE). IToka3aHno, 4To BBEaCHHE
B CIIEKTPOMETP PEHTI€HOBCKOTO H3JIy4EeHUs JJIEMEHTa C BOJIHOBOH aucrnepcuedl — muporpadurHoro (GpuibTpa,
HCToNb3ylomero orpaxenue bparra-Bymeha oT miockocTell KpHCTAJUIMYECKOH PELISTKH, MO3BOJSET CHHU3HUTH
Tpeses omnpeesieHus] ypaHa B MPUCYTCTBUH Memmanmux npuMeceir 1o 3Hauenus 0,0005 mac.%. IlpemioxeHHblit
ITOJTX0/T MOXKET OBITh HCIOIB30BAH AN onpeneneHus Th, Pu u npyrux akTHHHIOB.

XPB HA BUITYIHEHOMY IIYYKY JJIsA BUSHAYEHHSA BMICTY YPAHY
B OB’EKTAX JOBKILJLJIA

B.B. Ky3vmenxo, B.B. /leseneus, O.11. Omenvnux, LJI. Ponik, A.O. Llyp

Po3rnsHyTO MOXIMBOCTI BH3HAUEHHS BMICTY ypaHy B Marepiajlax SAepHOrO MaJMBHOTO ITMKIY Ta OO0'€KTiB
HABKOJIMIIHBOTO CEPEJOBHINA 3 BHKOPHCTAaHHAM SACpHO-(I3WIHMX METOJIB aHANli3y Ha OCHOBI peecTpamii
XapaKTepUCTUIHOTO PEHTTEHIBCHKOTO BHUIPOMiHIOBaHHS, 30ymkyBaHoro mnpotoHamu (PIXE). IlokasaHo, mio
BBEICHHI Y CIHEKTPOMETP pPEHTIEHIBCHKOTO BHIIPOMIHIOBAHHS €JEMEHTa 3 XBHJIBOBOIO JIUCIIEpCi€l0 —
niporpadiTHOro QinbTpa, MO BUKOPUCTOBYE Bijy3epkaneHHs bperra-Bynbga Bij ruioniyH KpucTamiqHol penriTky,
JIO3BOJISIE 3HU3UTH MEXY BH3HAYCHHS YpaHy B MPHUCYTHOCTI TOMIIIOK, IO 3aBaXkaroTh, A0 3HadeHHs 0,0005 mac.%.
3anponoHOBaHMH MiIXil MOXe OyTH BUKOPUCTaHUH It Bu3HaueHHs Th, Pu Ta iHITMX akTHHIIB.



