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In the framework of studying the evolution of the microstructure of lava-like fuel-containing 
materials of Unit 4 of the Chernobyl Nuclear Power Plant, the process of measuring the composi-
tion of uranium oxide mixtures during interaction with an atmosphere of humid air was modeled 
based on the ratio of the intensities of the peaks of incoherent IC and coherent IR scattering of 
X-rays. For modeling, powder samples of lead and bismuth were selected, the oxides of which 
are closest to uranium oxides in terms of the IC/IR ratio. The measurements were performed 
on a portable energy-dispersive spectrometer SPRUT with an SDD X-100 detector (Amptek) in 
radiation from a silver anode; the secondary target was silver, and the source power was 15 W. 
Kinetic curves of the change in the IC/IR ratio for powder samples of lead and bismuth during 
annealing in the atmosphere in the temperature range of 0-200 °C for 3 hours are presented. The 
sensitivity of the IC/IR ratio to changes in the atomic composition of the mixture was 0.69 (%/
at%), the relative error in measuring the IC/IR was 3.5%, and the error in measuring the atomic 
fraction of the heavy element in the mixture was 2.5 at%. The nature of the kinetic curves cor-
responds to literary data on the transition from pure metal to its higher oxide. The sensitivity of 
the IC/IR ratio to changes in the composition of a mixture of uranium oxides during interaction 
with humid air and chemical compounds with an effective atomic number Z≤13, which are used 
in the processing of radioactive waste, was assessed. The use of portable X-ray equipment opens 
up prospects for remote monitoring of the conversion process of uranium oxide-based mixtures 
using robotics.

Keywords: Rayleigh and Compton scattering intensity ratio, effective atomic number, cali-
bration plots, heavy metals, uranium oxides.

Рентгенівський моніторинг взаємодії важких металів з вологою 
повітряною атмосферою. I.F. Mikhailov, A.I. Mikhailov, S.S. Borisova, A.A. Baturin, 
 L.P. Fomina,  A. V. Кushtym, A.D. Chistyakov

В рамках дослідження еволюції мікроструктури лавоподібних паливовмісних матеріалів 
четвертого енергоблоку Чорнобильської АЕС було змодельовано процес вимірювання 
складу сумішей оксидів урану під час взаємодії з атмосферою вологого повітря на основі 
співвідношення інтенсивності піків некогерентного IC розсіювання та когерентного IR 
розсіювання рентгенівських променів. Для моделювання було обрано порошкові зразки 
свинцю та вісмуту, оксиди яких за співвідношенням IC/IR є найближчими до оксидів 
урану. Вимірювання проводилися на портативному енергодисперсійному спектрометрі 
SPRUT з детектором SDD X-100 (Amptek) у випромінюванні срібного анода; вторинною 
мішенню було срібло, потужність джерела становила 15 Вт. Представлено кінетичні криві 
зміни співвідношення IC/IR для порошкових зразків свинцю та вісмуту під час відпалу в 
атмосфері в діапазоні температур 0-200 °C протягом 3 годин. Чутливість співвідношення 
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1. Introduction
The process of interaction of heavy metals 

(U, Zr) with moist air (O, N, H2O, Co2) deter-
mines changes in the structure of fuel-contain-
ing waste from nuclear power plants [1]. Moni-
toring the phase composition of the waste using 
X-ray diffraction analysis is extremely difficult 
due to its multiphase nature, low reflectiv-
ity and high radioactivity. However, the pro-
cess control is necessary for the development 
of chemical methods for the binding of volatile 
compounds based on low atomic number ele-
ments and heavy metals. Such control can be 
carried out remotely by the ratio of the intensi-
ties of the peaks of incoherent (Compton) and 
coherent (Rayleigh) scattering of X-ray radia-
tion [2]. The intensity of the Compton peak is 
determined by the proportion of weakly bound 
electrons in the scatterer material [3], and the 
intensity of the Rayleigh scattering peak is de-
termined by the base electrons of the atoms. 
With a decrease in the effective atomic num-
ber of the material, the ratio of the Compton 
and Rayleigh peaks increases sharply, which 
makes it possible to characterize multiphase 
materials on average by their effective atomic 
number [4-7]. Therefore, if oxidation or any ad-
dition of light elements from the atmosphere 
occurs in a heavy metal mixture, the intensity 
ratio of the Compton and Rayleigh scattering 
peaks increases significantly.

Due to the high radioactivity of the lava-
like fuel-containing materials of the Chernobyl 
Nuclear Power Plant, powders of heavy metals 
– lead and bismuth – were chosen to simulate 
the process of interaction of uranium oxides 
with a humid air atmosphere. The oxides of 
these metals are closest to uranium oxides in 
the ratio of Compton and Rayleigh scattering 
peaks. Kinetic curves of changes in the ratio of 
scattering peaks under external influence al-
low us to characterize the interaction process 
and determine the capabilities of the remote 
control method.

2. Experimental
The objects of the study were powders of 

pure lead and bismuth with a characteristic 
particle ssize of 60÷100 µm. Heat treatment 
of the powders was carried out in an atmo-
sphere of humid air (humidity 80-90%) in the 
temperature range of 50-200°C. The scattering 
spectra were measured using a SPRUT energy-
dispersive X-ray spectrometer with SDD X-100 
(Amptek, USA). A BS-22 X-ray tube with a 
silver transmission-type anode was used. The 
secondary emitter was silver. Scattering angle 
2θ=135 degrees. Spectrum accumulation time: 
600 - 1200 s. The relative measurement error of 
the integrated peak intensity was determined 
by the magnitude of the dispersion in multiple 
measurements. 

The spectrometer was calibrated using pow-
der mixtures of lead and aluminum with a lead 
content of Cmas = 1; 0.9 and 0.7 mass fractions, 
which corresponds to Cat = 100, 54 and 23 atom-
ic percent. The calibration mixtures were se-
lected to cover the range of changes in the IC/IR 
value during the oxidation of lead and bismuth. 
The results of measurements of the ratio of the 
integrated intensities of scattering peaks IC/IR  
(Table 1) were compared with the calculated val-
ues of the ratio of the incoherent scattering func-
tion S and the square of the atomic form factor 
f 2 [8]. Calculations for mixtures are performed 
using the ratio S
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The sensitivity σ of the IC/IR value to a 
change in the atoSmic fraction of a heavy 
metal in a mixture of reagents was deter-
mined for the range of 0.122–0.211 using the  
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to the data in Table 1, the sensitivity value 
was σ=0.69(%⁄(at%)). The relative measure-
ment error of IC/IR is ≈3.5%, and the value of  
Сat ≈2.5at%.

IC/IR до змін атомного складу суміші становила 0,69 (%/ат.%), відносна похибка вимірювання 
IC/IR становила 3,5%, а похибка вимірювання атомної частки важкого елемента в суміші 
становила 2,5 ат.%. Характер кінетичних кривих відповідає літературним даним щодо 
переходу від чистого металу до його вищого оксиду. Було оцінено чутливість співвідношення 
IC/IR до змін складу суміші оксидів урану під час взаємодії з вологим повітрям та хімічними 
сполуками з ефективним атомним номером Z≤13, що використовуються при переробці 
радіоактивних відходів. Використання портативного рентгенівського обладнання відкриває 
перспективи дистанційного моніторингу процесу перетворення сумішей на основі оксиду 
урану за допомогою робототехніки.



364	 Functional Materials,  33,  2,  2026

I.F. Mikhailov et al. / X-ray monitoring of the interaction of ...

3. Results and Discussion
The theoretical values of the ratio of Comp-

ton and Rayleigh scattering peaks for all ura-
nium oxides and the studied heavy metals 
– lead and bismuth – lie in a narrow range of 
0.126–0.159 (Table 2). Therefore, the sensitiv-
ity of the IC/IR ratio to heavy metal oxidation is 
the same for uranium and selected heavy met-
als (Pb, Bi).

According to the data in Table 2, when the 
scatterer material changes from a heavy metal 
to its higher oxide, the intensity ratio of the 
scattering peaks increases by 14-15% for all 
the metals considered. Such a change can be re-
corded in the experiment and justifies the fea-
sibility of experimentally constructing kinetic 
curves of the process using the IC/IR ratio.

Fig. 1 shows the kinetic curves of the IC/IR 
ratio during annealing in a humid air atmo-
sphere. The experimental values of the scatter-
ing peak ratios in absolute value are 10÷12% 
lower than those theoretically calculated using 
the S/f 2 ratio (Table 1). This is due to the dif-
ference in the attenuation coefficients of the 
Compton and Rayleigh scattering peaks, which 
was not taken into account in the calculation. 
The nature of the kinetic curves for lead (curves 
reaching saturation) is entirely consistent with 
the known mechanism of lead oxidation in the 

atmosphere, namely, the formation of a thin 
layer of PbO oxide on the surface of the lead, 
which prevents further oxidation.

For bismuth at a temperature of 100°C, no 
change in the ratio of scattering peaks with ex-
posure time was detected, i.e., the bismuth sur-
face turns out to be very resistant to oxidation. 
Noticeable changes occur at a temperature of 
200°C: three hours of exposure of bismuth to 

Fig. 1. Dependence of the ratio of scattering peaks 
IC/IR on the exposure time of lead and bismuth 
powder samples in an atmosphere of humid air: 
Pb100 and Bi100 – temperature 100°C; Pb200 
and Bi200 – temperature 200°C.

Table 1 – Experimental values of the integrated intensities of the Compton IC and Rayleigh IR scat-
tering peaks for powder mixtures of lead and aluminum and the calculated values of the ratio of the 

incoherent scattering function S and the square of the atomic form factor f 2 . ((sin q)/l  =  1.5Å–1).

Cat (Pb) at% S
f 2

* IC,  
conv. u.

IR,  
conv. u. IC/IR

100 0.134 3950±80 32355±350 0.122±0.004

54 0.160 5235±80 34515±300 0.152±0.004

23 0.234 7195±100 34110±250 0.211±0.004

* The calculations did not take into account the difference in the attenuation coefficients of the Comp-

ton and Rayleigh scattering peaks, which at 2θ=135 degrees is µ µ
c

R
»1 1. .

Table 2 - Theoretical values of the ratio of Compton and Rayleigh scattering peaks S
f  2 for heavy met-

als and their oxides with different atomic fractions of the heavy metal. ((sin q)/l  =  1.5Å–1) [8].

U UO2 U4O9 U3O8 UO3 Pb PbO Bi Bi2O3

C, at% 100 33.3 30.8 27.3 25.0 100 50 100 50

S
f 2  

0.0994 0.1265 0.1298 0.1350 0.1397 0.1340 0.1541 0.1301 0.1585
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a humid atmosphere leads to significant oxida-
tion of the surface. According to the IC/IR ratio 
of the scattering peaks, the mixture is close to 
the higher oxide Bi2O3, which corresponds to 
the literature data [9].

Thus, the IC/IR kinetic curves characterize 
the change in the composition of heavy metal 
mixtures when interacting with an atmosphere 
of humid air and chemical compounds based on 
light elements. The IC/IR kinetic curves were 
first used in [10] to determine the trajectory 
of the figurative point in the triangular Gibbs 
phase diagram of NiO-Li2O-O2, which made it 
possible to characterize the lithiation-oxidation 
process of the heavy metal. A similar applica-
tion of IC/IR kinetic curves is also possible for 
mixtures of uranium oxides for which X-ray 
diffraction analysis data on the phase composi-
tion of the main components of the mixture are 
available.

4. Conclusion
The process of interaction of heavy metals 

with an atmosphere of humid air was experi-
mentally modeled. The saturation of powder 
mixtures of heavy metals with light elements 
during heat treatment in an atmosphere of 
humid air was studied using the ratio of the 
intensities of the Compton and Rayleigh scat-
tering peaks. This process is the main one in 
the transformation of radioactive waste from 
nuclear power plants during long-term storage. 
The processing of these wastes to bind volatile 
components is carried out by adding chemicals 
based on light elements. Control of this process 
can also be performed remotely by the ratio of 
X-ray scattering peaks.

The measurement of the scattering peak ra-
tio is performed on powder mixtures of heavy 

metals without special surface sample prepa-
ration using low-power X-ray equipment. This 
opens up prospects for monitoring the process 
of conversion and processing of radioactive 
waste using compact robotics.
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